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PREFACE 
The material in this book has been developed to pre-
sent the elements of performance for rotary-wing aircraft. 
It has been prepared primarily for use by senior-level 
undergraduates and graduate students, yet it can be under-
stood, with a little more difficulty, by those with a 
lesser technical background. 
"Helicopter Performance", although taking a 
simplified approach, is unique as compared to many other 
texts, in that numerical solutions are possible, whereas 
most Qooks follow the "it can be shown that •.• " technique. 
Much of this material was developed from notes from 
the author's mentors in rotary-wing performance. Those 
instructors to whom a great debt is owed are Dr. James A. 
J. Bennett, while at the Naval Postgraduate School, and 
Prof Alexander A. Nilolsky, Princeton University. The 
remainder of the material was primarily developed in 
classes that were taught in the Department of Aeronautics 
at the Naval Postgraduate School, and from twenty years 
experience as a Naval Aviator. 
Acknowledgement is made to the assistance provided by 
a series of thesis students, with special thanks to Waldo 
Carmona, for much of the material in Chapter Eight, and 
Paul Fardink for the arrangement of the HP-41 programs in 
Chapter Ten. 
Monterey, California 
1 September 1983 
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BLADES, HINGES AND CONTROLS 
For fixed-wing aircraft, flight through the air induces 
a velocity across the airfoil that produces a lifting 
force. Since the lifting force is proportional to the 
square of the velocity, i 
L=C JspSV 2 L (1-1) 
with a uniform velocity along the wing span, the lift is 
also uniform, as shown in Figure 1. It is to be noted that 
on an actual airplane, the lift is not really uniform due 
to tip effects and spanwise components, but such a gener-
alization can be used for illustrative purposes. 
LIFT j .. ·~ ~ ~ . . ' ,j .. H .o 
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Figure 1 
Even if the lift were uniform, the moments produced by 
the lifting forces on the outer section of the wing are 
greater than those near the root due to the greater moment 
arm. Since an unsupported monoplane wing is a cantilever, 
bending moments are present du~ to the weight of the wing 
(downward forces> and the gener~ted lift <upward forces. 
t A list of symbols is in Table T of the Appendix 
HELICOPTER PERFORMANCE 
These moments are accommodated by constructing the wing 
with a strong, and usually heavy, spa~ support. 
With a rotary airfoil, the motion of the rotation will 
induce a velocity across the airfoil, even if the vehicle 
is stationary. Because the induced velocity at any radius, 
r, is a function of the rotational velocity, n , radians 
per second, and the distance from the center of rotation, 
r, in feet, the velocity, in feet per second, at any radius 
in still air with no forward motion is given as, 
v = n·r r {l-2) 
This velocity varies from zero at the center of rota-
tion, i.e., the hub, to a maximum at the rotor tip, as 




The tip velocity, VT , is the product of the rotational 
velocity, n , and the rotor radius, R. 
V = Q•R T ( 1-3) 
The tip velocity will be used a~ a base of rotor speed for 
2 
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many of the performance calculations. 
Inasmuch as the rotational velocity is frequently 
expressed in terms of the number of revolutions per minute, 
N, a conversion of radius times revolutions per minute may 
be made by 
V = R(ft) •N(RPM) ft/sec (1-4) T 9.5 
Recalling that the lift is a function of the square of 
the velocity, with a rotary airfoil, the lift is no longer 
uniform along the span, but increases parabolically from 






This variation of lift, in itself, produces some 
problems in that the lift is the greatest at the tip where 
the moment arm is also the greatest and, as a result, there 
are very large bending moments which tend to bend the blade 
3 
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upwards at the tip. This problem is compounded by the fact 
that because of weight limitations and centrifugal force 
problems, rotary wing airfoils must, of a necessity, be 
lighter, less rigid structures than the airfoils of fixed-
wing aircraft. 
When the rotor blades are at rest, due to the canti-
lever construction and lift supporting structure, the 
blades tend to droop, as shown in Figure 4. 
Figure 4 
As the rotor begins to spin, the centrifugal forces 
acting normal to the axis of rotation cause the blades to 
lift so that, as a limit, the blades are nearly at right 
angles to the rotor shaft, as shown in Figure 5. This 
occurs even if the rotors are not developing lift. 
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As lift is generated, 
bend) above the horizontal 
the blades tend to lift (or 
until th'e three forces, lift 
(L), weight CW) and centrifugal force (CF>, are balanced as 




To add to the problem of hub stresses due to the 
bending moments, the airflow through the rotor is unsteady 
in nature, and as a result, not only do the blades tend to 
bend, they also oscillate about some average bending con-
dition due to the unsteady flow. A blade that is rigidly 
attached to the rotating shaft will bend Cif it doesn't 
break) so that the tip is elevated above the attachment 
point. This produces stresses at the hub, and in the early 
development of the helicopter and the autogyro Can aircraft 
with an unpowered rotor syst~m) these stresses inhibited 
the development of satisfactory lifting forces. 
APLHA HINGES 
The development of a practical rotary wing vehicle 
5 
HELICOPTER PERFORMANCE 
dates from the work of a Spanish inventor, Juan de la 
Cierva, who designed an unpowered rotor. system, an autogyro 
with the trade name Autogiro, so that he could fly slowly 
without the danger of stalling. 
de la Cierva conceived, or at least practicalized, the 
concept of hinging the blades so that the hub stresses were 
removed. The first hinge added was such that the blade 
could flab in a vertical plane with the variation of loads. 
this "Flapping" hinge, as it flapped upwards due to in-
creased lift loads would induce a downward velocity com-
ponent due to the motion of the blade. This downward com-
ponent, in turn, reduced the lift so that the blade tended 
to return to its original position. Figures 7a and 7b show 








:;;e 1 v, .. , 
b v, 
Figure 7 
The variation of loads which are accommodated by these 
flapping hinges is due to many causes, but the principal 
factor is the unsteady nature o ( the flow over the blades. 
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formance we shall consider this flow to be steady in nature 
during the remainder of this book, ·.but one has only to 
consider that each rotor blade is flying in the downwash of 
the preceeding blade to have a feel for the actual un-
steadiness of the flow. It is the lift produced by this 
perturbation, as well as the basic bending moments, that 
are accommodated by the flapping hinges. 
Damping of the flapping motion is aerodynamic (down-
ward induced velocity with upward flapping and vice versa) 
and the upward flapping is limited by the balance of the 
lift-weight-centrigugal forces. Therefore, the flapping 
hinges require neither mechanical dampers nor mechanical 
stops. 
Inasmuch as the flapping acts to change the angle of 
attack, Alpha, of the blades, as shown in Figure 7, the 
flapping hinges are also called "Alpha" hinges. 
If we consider a rotor system with Alpha hinges in 
hover, i.e., zero forward velocity, the blades will have an 
upwards displacement due to the balance of the lift-
weight-centrifugal force vectors and, as a result, as the 
rotor turns through a complete revolution, the blades 
describe a cone, as shown in Figure 8. 
The apex angle of this cone is dependent on the forces 
on the blades, and f.or a giv~n vehicle geometry, is a 
7 
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function of the rotational velocity and the generated lift. 
Figure 8 
We are particularly interested in the vertical com-
ponent of the blade lift which balances the weight of the 
vehicle, and we call this component thrust. The thrust is 
considered to act normal to the plane described by the path 
of the rotor tips, Tip Path Plane. Although the oscillating 
motion of the blade tips result in this enscribed area 
being, not a plane, but an irregular surface, for the pur-
poses of simplification, it shall be considered as a plane 
surface. And to the naked eye, it very nearly approximates 
this condition. 
This plane is set an an angle to the rotor blades by 
an angle called Coning Angle, B • Since it is difficult to 
measure this angle at the hub, the coning angle is gener-
ally measure at the t i p with the assumption that the two 
8 
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angles are the same, as shown in Figure 9. 
Figure 9 
Even with "Rigid" rotor systems which have no hinges, 
the coning angle is nearly the same (as much as 90%) of the 
coning angle for hinged blades, as shown in Figure 10. 
Rigid rotor systems will be discussed later. 
Figure 10 
BLADE OSCILLATIONS 
We have mentioned the variable effects due to unsteady 
flow, but additional stresses on the hinges are introduced 
by the tendency of the blades to have a low frequency 
oscillation while rotation. 
For a blade element at a r :1dius of r feet, with a mass 
moment of inertia of Ir slugs-feet~ and a flapping angle of 
9 
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Br, the moments at the hub can be expressed as a sum of the 
weight and centrifugal monents, in lb~ft, 
w 
I 8 = { -w r cos B } - { -..E ( n 2 r) r sin B- } 
r r r r g r 
where 
a = flapping acceleration Crad/sec2) 
r 
W = weight of blade element Clb} 
r 
(1-5) 
Since the flapping angles are samll, one can approximate by 
setting cos Br ::: 1 and sin Br ::: Br· 
This reduces Equation Cl-5) to, 
w 
I B + _E (0 2 r 2 ) B = - W r 
r r g r r 
For each 
dividing by I , 
r 
B + n2 B = - S. r r r 
element, Ir = (W/g)r 2 , 
(l-6) 
so that, after 
(1-7) 
Equation Cl-7) may be compared to an undamped spring-
mass system, where, 
mx + kx = mg 
or, 
•• k 
x + - x = g m 
(1-8) 
(1-9) 
the homogeneous part of which, by setting the right hand 
side equa l to zero, is , 
k 
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.. :.., i. r.:h has a solution for the natural frequency, 




By direct analogy, one can see that the natural fre-
quency of the flapping motion, 
w = '2 n 
wn, is given as, 
(1-121 
and the natural frequency of the rotor blade is exactly 
equal to the rotational velocity of the rotor. This means 
that the basic fl~pping of the rotor is up (and down> once 
per revolution. This is true when the flapping hinge axis 
is at the center of rotation. When the flapping hinge is 
off-set a distance h' from the center of rotation, the 
natural frequency is given by, 
la) = {l + ~}~ 
n ~R (l-13) 
LAG-LEAD HINGES 
In addition to the direct forces that produce the 
flapping motion, there are also Coriolis forces in the 
plane of rotation that produce stresses. And the unsteady 
lift loads creat unsteady drag loads in the plane of rota-
tion. To relieve these forces, additional hinges are placed 
with the hing,e axis normal to the flapping hinges. Because 
this motion is a drag direction motion, these hinges are 
called "Drag" hinges. 
11 
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Although the drag forces act always in a sense along 
a( the blade sections, 
the blade lagging or 
the relative wind, or to the rear 
variation in the drag results in 
leading about some central displaced 
reason, these hinges are sometimes 
reference. For this 
called "Lag-Lead" 
hinges. 
Whereas the flapping motion is aerodynamically damped 
and force limited, the drag motion does not have such 
damping or limits and, as a result , the Lag-Lead hinges 
require mechanical dampers and positive stops. 
FEATHERING HINGES 
Changes in the basic pitch of the rotor blades is 
necessary to induce changes in the lift of the blades. This 
pitch change is accomplished through the use of a "Feath-
ering" hinge that permits the blade to be rotated about its 
own axis. This action will be shown later in Figures 14 and 
15. 
TEETERING ROTORS 
If the rotor system has but two connected blades set 
at 180 degrees f rom each other, as one blade flaps up, the 
other blade is forc ed down, and vice versa. This combina-
tion tends to produc e a damp ing action . A two-bladed rotor 
can, therefore, be constructed without Alpha or Lag-Lead 
hinges and wi th only Feathe ring h inges . A sketch of a tee-
12 
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By having the teetering hinge point of a two-bladed 
rotor above the blade axis, i.e., an "underslung" rotor, a 
differential flapping motion occurs wherein the up flapping 
angle is different than the down flapping angle. This tends 
to mitigate the Coriolis forces and acts as a Lag-Lead 
hinge. 
Two-Bladed rotors may be constructed with a pre-set 
coning ~ngle built into the blade system. Figure 12 shows 





Another variation in blade hinging is that of off-, 
·. 
setting the hinge axis from the normal to the rotor shaft. 
An off-set of the flapping hinge, called a Delta One hinge, 
as shown in Figure 13, produces a decrease in the pitch 
angle of the blade as it flaps up. This decrease in the 
pitch angle tends to reduce the angle of attack which, in 
turn, reduces the lift on the blade and thereby decreases 




Similar off-set hinges may be installed for Lag-Lead 
hinges (Delta Two hinges), or a combination off-set Flap-
ping a~d Lag-Lead (Delta Three) may be used. 
RIGID ROTORS 
The so called "rigid". rotors are, in effect, flexible 
rotors with rigid hubs because they have no mechanical 
hinges. This type of system may also be called a "Bearing-
less Rotor" system. In lieu of the hinges, the blade roots 
are constructed of such material and in such a manner as to 
14 
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allow the flexing of the root section without stress 
damage. The general construction of these sections is from 
metallic and/or elastic polymer laminates. Enough flexi-
bility is provided so that the rigid rotor may have a 
coning angle nearly equal to that of a hinged rotor. It is 
also possible to construct the flexure in such a manner 
that the blade flaps of lag-leads as though it has a Delta 
hinge. In other words, with a Delta One flexure, the entire 
blade twists as it flaps up so as to reduce the pitch angle 
of the blade. 
CONING ANGLE 
In forward flight, as will be shown later, the change 
in effective angle of attack of the blades due tothe for-
ward motion of the helicopter causes a backward tilt of the 
rotor, and as each blade rotates there is a change in the 
flapping and a change in the coning angle, similar action 
occurs with any tilt of the rotor to the side and, as a 
result, the coning angle and the position of the cone rel-
ative tq the shaft is dependent on the rotary position of 
the blades and the translational velocity vector. The 
rotational position of the blades, W , is measured 
counter-clockwise as viewed from above from zero degrees at 
the rearmost position, through 180 degrees at the forward 
point to 360 (or zero) degrees aft. This is based on the 
15 
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American helicopter system of blade rotation which is 
counter-clockwise as viewed from above •. 
' 
The higher harmonics of the blade flapping result in a 
coning angle ~hich can be represented as, 
B = Bo a 1sin ~ - b 1 cos ~ - a 2 sin2~ - b 2 cos2~ (1-14) 
where B is the basic coning angle, the coefficients ai, and 
0 
bi are functions of the tilt of the rotor and forward 
velocity and ~ is the rotational position. It may be seen 
that the a. terms relate to lateral flapping <maximum at 90 
i 
and 270 degrees> and the bi terms relate to longitudinal 
flapping (maximum at zero and 180 degrees>. 
As has been said, the coning angle as shown in Equa-
tion <1-14) indicates that the Tip Path Plane is, in real-
ity, an irregular surface, but it will be considered as a 
plane with the thrust vector normal to the plane. 
COLLECTIVE CONTROL 
With the blades free to flap and to lag-lead, the 
stresses. have been reduced enough to permit the generation 
of thust to balance the weight of the vehicle. If addi-
tional thrust is desired, e.g., to climb or to accelerate, 
the rotational velocity of the rotor could be increased so 
as to increase the velocity of air flow over the blaades. 
However, this requires a changing of the engine speed and 
most he licopter engines have a very narrow band of high 
16 
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efficiency speed, so that producing thrust changes by 
changing engine speed is usually ineff.icient. 
Another alternative is to vary the angle of attack of 
the rotor blades since the developed lift is a direct 
function of the angle of attack. The angle of attack is 
varied by changing the pitch angle of the blades by dis-
placement of the feathering hinges. 
If the lift is uniform about the rotor disc, e.g., 
same forward as aft, and it is desired to increase the lift 
uniformly, the pitch angle of all the blades must be 
changed the same amount at the same time. This is called a 
collective change. The usual manner of accomplishing this 





~ . ,f ROTATING PLATE 




This assembly consists of a stationary part <free to move 
up and down along the rotor axis, bu~ not rotating> and a 
rotating part that turns with the rotor and follows the 
vertical motion of the stationary plate. Such a device is 
shown in Figure 14. 
If the pilot's controller, called the "Collective" is 
moved upwards, the stationary plate is deflected upwards 
and the rotating plate follows this motion through a set of 
followers, as shown in Figure 15. The raisi'ng of the rota-
ting plate increases the pitch of all the blades at every 
point in the rotation cycle through the pitch control rods. 
This increase in pitch angle produces an increase in angle 







-·-ZERO PITCH ~PLATE POSITION 
An increase in developed t h rust requires an increase 
18 
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in the rotor power from the engine. So that the collective 
setting and the engine power can .. be coordinated, it is 
customary to mount the throttle on the collective lever. 
Early helicopters required the addition of throttle by 
twisting the throttle control as the collective was moved. 
Later vehicles had a mechanical linkage so that as the 
collective lever, at the pilot's left side, was raised or 
lowered, the throttle setting was automatically changed. 
Most modern helicopters have an automatic power control 
system that provides the required power as the collective 
lever is mover. 
FORWARD FLIGHT 
Within the limits of power available and the settings 
of the blades, the use of collective control permits the 
vehicle to rise or descend vertically in still air, or to 
hold a fixed altitude, called hover. Let us now examine the 
main rotor system conditions and requirements for forward 
flight • . 
It has been stated that the rotor blades can produce a 
thrust force that is normal to the Tip Path Plane of the 
coned blades. Let us suppose that by some, as yet unde-
fined, means, one could tilt the Tip Path Plane and the 






One can see from this figure t hat if the vertical 
compo~ent of the thrust is to remain constant in order to 
balance the weight, one must increase the thrust slightly 
as the thrust vector is tilted from the vertical. 
One may also observe from Figure 16 that, in addition 
to the vertical component that balances the weight, there 
is now a horizontal component that acts as a propelling 
force and the helicopter moves forward. 
Once the vehic l e is moving forward, a new problem is 
introduped. In hover, the velocity across each blade is due 
only to the rotational velocity of the blades and, ignoring 
unsetady effects, varies from zero at the hub to the tip 
velocity, VT= n•R, at the extremities of the blades. This 
tip velocity is a constant all around the disc in hover. 
Now as the nelicopter moves forward, the forward 
20 
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velocity, Vf, which is a constant and always in the same 
direction, must be summed with the .rotational velocities 
which change direction around the disc. At any point in the 
rotation, the sum of the flight velocity and the rotational 
velocity may be summed as, 
v = cn•r + vf sin $) (l-15) 
From Equation (1-15> it may be seen that the forward 
flight velocity apparently has no effect at aft <~ = o 0 > 
and forward<~ = 180 °) points, is additive at the mid-
position of the advancing blade($ = 90 u) and is sub-
tractive at the midposition of the retreating blade C~ = 
270 °>. In actuality, there are effects at the zero and 180 






components, but these are small and will be ignored for the 
moment. A discrete plot of the net tip velocities is shown 
in Figure 17. 
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If one were to consider just the blade positions at 
the 90 degree and the 180 degree ,points, the net flow 
across the blades would appear as shown in Figure 18. It 
can be seen that there is a region of reverse flow on the 
retreating CW = 270° > blade, starting at the hub and ex-
tending outward toward the tip. As the blade moves through 
the left side of the rotational path, this region is a 
circle whose radius is a function of the rotational 
velocity and r~e forward speed. 
Figure 18 
CYCLIC CONTROL 
In forward flight with increased velocity resultant on 
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retreating blades, an assymmetry of lift will occur. To 
balance the lift it is necessary to . ~ecrease the lift on 
the advancin~ blade side and/or increase the lift on the 
side of the retreating blades. The changes in lift vary 
from essentially zero at $ = zero degrees, to a minimum at 
"' 
= 90 degrees, to zero at IP = 180 degrees, to a maximum 
at$ = 270 degrees and back to zero at the 360 degree 
position. From this one may observe that the lift change 
must be cyclic and the ref ore the pitch change must also be 
cyclic. This change in pitch angle can be effected by using 
.... --u... _'a. 
--o BASIC POSITION 
-· 
Figure 19 
the same mechanism that was used for the collective con-
trol, but now, rather than moving the stationary plate up 
and down relative to the rotor shaft, it is tilted, as 
23 
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shown in Figure 19. 
This cyclic control of 
the balancing of lift loads 
flight, but also permits the 
blade .pitch not only permits 
in forward (or sidewise> 
establishment of any desired 
unbalance of forces. For example, if the lift is increased 
at the rear of the rotor cone at the expense of the lift at 
the front of the rotor cone, the cone will have a tendency 
to tilt forward of the vertical, thereby providing a pro-
pulsive component of the thrust, as was shown in Figure 16 . 
This is the previously unexplained technique for inducing 
forward flight. 
Although the cyclic is used to control the larger un-
balances in forward flight, small deviations are accommo-
dated by the flapping motion of the bldes. 
Inasmuch as the cyclic control permits flight in fore 
or aft directions, as well as lateraly, the cyclic acts as 
a directional control and is located in front of the pilot 
in the ·position of the control stick in a fixed-wing air-
craft. Recall that as the cyclic is c hanged the collective 
setting, as well as the engine power, must be changed to 
provide the weight balancing component of thrust. It is to 
be observed, therefore, that the cyclic control and the 
col lective control must be coordinated. To move from hover 
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forward and, at the same time, increases the collective to 
furnish the required increase in thrust. As the helicopter 
begins to move forward, the velocity of forward flight 
tends to blow the rotor cone aft slightly, thus requiring 
an additional forward movement of the cyclic to maintain 
the desired forward component. 
The physics of moving the feather hinge is somewhat 
complicated. Because there is usually a lever arm to pro-
vide the pitch change moment, the connection between the 
blade and the rotating swash plate must, of a necessity, be 
ead of the blade in its rotational cycle. Then one must 
also consider that the rotating blade system is a gyroscope 
and that changes at one point are manifest 90 degres from 
the point of application. Some helicopters change the pitch 
angle by changing a small servo airfoil which, in turn, 
moves the rotor blade. 
For a helicopter with tandem rotors, increasing the 
pitch collectively on the rear rotor will produce an in-
creased lift on thi3 rotor which will tend to pitch the 
helicopter forward and result in forward flight. The 
disymmetry of lift will still occur on both rotors in for-
ward flight, .and the cyclic may have to be used to balance 
the lift forces. Historically, the control of the tandem 
25 
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with the single rotor helicopter. 
DIRECTIONAL CONTROL 
Rudder pedals are provided for controlling the dif fe-
rential lateral tilting of tandem rotors for turning 
flight. With a single rotor vehicle turning is accom-
plished, again with rudder pedals, by changing the thrust 
of the anti-torque rotor. The primary purpose of the rotor 
will be discussed later. 
PROBLEM SET ONE 
1 . Of the three primary hinges, feathering, flapping and 
lag-lead, which is used to mitigate the lift stresses? 
2. Which hinge is uses to induce angle of attack change? 
3. Which hinge is used to relieve drag load stresses? 
4. What is the function of the Swash Plate? 
5. How does the velocity over the blades vary in Hover? 
6. How does a two-bladed rotor relieve hub stresses? 
7. What is the relationship between the net velocities at 
the tip of an advancing and a retreating blade in hover? 
8. What is the relationship between the net velocities at 
the tip of an advancing and a retreating blade in forward 
flight? 
9 . How is a flapping hinge damped? 
10. How is a lag-lead h i nge <lamped? 
26 
CHAPTER TWO 
THRUST AND TORQUE THEORY 
. 
·. 
The power requir~d to generate thrust and to overcome 
the torque of t·~e rotor may be calculated by the use of any 
of several theoretical developments. These include momentum 
theory, blade element theory, vortex theory and lifting 
line theory. To simplfy this presentation, only the 
momentum theory and the blade element theory will be used. 
However, to obtain a more in-depth analysis of helicopter 
performance, at least a portion of the vortex theory should 
be employed. 
MOMENTUM THEORY 
The momentum theory of flow through a disc, as 
inally postulated by Froude, is simplified by the 
the following assumptions: 
1. Air is a frictionless, incompressible fluid. 
orig-
use of 
2. The rotor acts as a disc with an infinite number of 
blades so that no periodicity exists in the wake. 
3. Flow through the disc is steady and uniform. 
4. The rotor imparts no rotation to the air as it 
passes through. 
S. Flow above and below the rotor is 
of constant energy, although the energy is 
and below. 









It is easily seen that the above assumptions will 
introduce errors since the air is compressible, the rotor 
wake has a swirl, the flow is unsteady, et cetera. However, 
the simplification of the problem far outweighs the intro-
duction of errors, and most of the errors may be mitigated 
by the application of a suitable factor to the final 
results. 
With the conditions that have been imposed, we have: 
1. The velocity far above the rotor is that of the 
free stream, Vs. 
2. The streamtube contracts toward the disc 
(Continuity Equation). 
3. The velocity just above the rotor is greater than 
that of the free stream CV + v> due to the increase in the 
s 
velocity imparted by the rotor, v. 
4. , The pressure just above the disc is less, (p - p'>, 
than that of the ambient air, p, due to the increase in 
velocity (Bernoulli's Equation>. 
5. The velocity directly below the disc is the same as 
just above the disc, <Vs +v>. 
6. The area of the streamtube ju~t above the disc is 
the same as the area directly below the disc. 
7. The pre-rure just below the rl i sc is gr~ater than 
28 
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the ambient pressure, < ~ p + p'), due to the addition of 
energy at the disc. 
8. The velocity continues to increase downstream of 
the disc as the pressure returns to ambient. 
Figure 1 depicts the streamtube of flow through the 
rotor together with the variations of pressure and vel-
ocity . 


















If we use the subscript 1 for conditions above the 
rotor and subscript 2 for condi tions below the rotor, the 
relationship between the total pressure, pt , the ambient 
l 
or static pressure p 5 , the density, P , and the stream 
velocity, Vs, far above the rotor is, 
Pt = P + ~ P v2 
1 s s 
Just above the rotor the relationship is, 
pt = p' + ~ p (V + v')2 
· l s 
(2-1) 
{2-2) 
and just below the rotor, with the addition of energy, 
through the changing of the pressure, 
Pt = (p' + t\p) + ~ P (V + v) 2 
1 s (2-3) 
Far down st~~am, when the wake velocity, vw, is fully 
developed, the total pressure is, 
Pt =ps+~p(Vs+vw> 2 (2-4) 
2 
The pressure increase,6p, at the rotor can be deter-
mined by subtracting Equation (2-1) from Equation (2-4>, 
6p = p (V + vw/2)·v 
. s w (2-5) 
From Newton's Second Law, force equals mass times 
acceleration <f =ma), or eorce equals mass time the change 
in velocity with respect to time, 
dV F = m Qt (2-6) 
In order to obtain an expr.~ssion containing mass flow, 
m/dt, Equation (2-6) may be wrL L t~n ~s, 
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F = m dt dV (2-7) 
Inasmuch as the force that is to be considered is the 
force due to the pressure change, AP = dp, over an area, A, 
and since the mass rate, m/dt, is equal to the product of 
the density, are~ and velocity, 
A•dp = p•A•V•dV (2-8) 
Equation <2-8) states that the change in pressure, dp, 
is equal to the product of density, the velocity at the 
disc and the change in velocity. 
The change in pressure may also be written in terms of 
the product of the total velocity, t~e change in velocity 
and the density as, 
6p ~ CV+ v)•6v•p (2-9) 
where the change in velocity, Av, is the velocity of the 
wake, vw. 
From Equations (2-5) and C2-9> we obtain, 
Ap = p(V + v /2)•v = p(V + v)•v 
w w s w 
or, 
v = v /2 w 
(2-10) 
( 2-11) 
From Equation <2-11> we observe that the velocity 
change from ambient (far up stream) to the disc is one-half 
the velocity change from far up stre~m to far down stream, 




Tnrust is defined as the product of the pressure 
change and the area on which it acts, or, 
T = A•6p = p•A•(V + Vw/2)•vw = 2·p•A•{V + v)•v (2-12) 
For a general propeller, the power output is cons id-
ered to be the product of the thrust and t he velocity, T v, 
while the power input is the product of the ideal thrust 
and the velocity at the disc, T CV+ v>. The Ideal Effi-
ciency of a general propeller system is the ratio of the 
power output to the power input, 
_ Power Output _ T•V _ V 
n - Power Input - T{V + v) - (V + v) (2-13) 
However, for a rotor at Hover, the stream velocity is 
zero so that the effici e ncy at Hover would always be inde-
terminate. As a result, a Figure of Merit, M, has been de-
fined for the helicopter on the base of the minimum power 
required to hover, i.e., the power of an ideal rotor 
system, to the actual power required to hover . The larger 
the Figure of Merit, the larger the thrust developed per 
unit horspower input. The ideal, but unobtainable, goal is 
M = 1.0. 
THRUST IN HOVER 
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developed in Hover, from Equation <2-12), 
T = 2•p•A(O + v)•v = 2pAv2 = 2pnR2 v 2 
where R is the rotor radius. 
(2-14) 
The induced velocity, v, is not only the velocity in-
duced by the pumping action of the rotor as it pumps air 
through the disc, but in hover it is the total inflow vel-
ocity through the rotor. This inflow or induced velocity, 
from Equation (2-14) is, 
v = T Js <"--Y"<>'>) 
PROBLEM 
( 2-15) 
(The following helicopter parameters will be used for 
sample problems throughout this book, These parameters are 
repeated in Table II of the Appendix). 
Main Rotor 
R = 26.8 ft 
c = l. 75 ft 
b = 4 
RV = 27 rad/sec 
Cdo = 0. 008 




R = 5.5 ft 
c = 0.81 ft 
b = 4 
RV= 124.6 rad/sec 
Cdo = 0.008 
.tt = 31.5 ft 
Flat Plate Area (Forward) = 25.7 sq ft 
Flat Plate Area <Vertical = 30.8 sq ft 
Weight = 20,000 lbs 
For the Basic Helicopter, find the induced velocity at 
hover, standard sea level . 
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From Appendix II, the densit~ at sea level is 
0.0023769 slugs/cu ft. From Equation <2-15>, for T = W: 
v = {20,000/(2•0.0023769·3.1416•26.8 2 )}~= 43.2 ft/sec 
The minimum power required in ideal flow is T v. It is 
to be noted that this is a minimum because we have omitted 
such losses as make up the approximate percentages of 
actual power losses shown in Table I. 
TABLE I 
APPROXIMATE POWER LOSSES 
Profile drag losses 30% 
Non-uniform flow 6% 
Tip losses 3% 
Slipstream rotation 0.2% 
In actual p-actice, values o~ thrust as high as 83% of 
the thrust produced by an ideal rotor have been measured on 
full scale rotors. 
PROBLEM 
For the Basic Helicopt~r, what is the minimum power 
requied in ideal flow? 
T•v = 20,000•43.2 = 864,000 f t-lb/ sec 
To obtain thepower in horsepower, the conversion factor is 
55 ft-lb / sec equals on e horsepower. Ther~ fore, 
T·v = 20,000•43.2/ 550 = 1570 . 9 Hp 
14 
THRUST AND TORQUE THEORY 
The Figure of Merit for an ideal r~tor is given by, 
T v 
M = Power Input 
T T ~ 
= ~ { " -- - ., } 
in 
= Tl~ 1 
P-io {2pirR2 }~ ( 2-16) 
Observe that for the Figure of Merit to be non-dimensional, 
the power input must be in foot-pounds per second if the 
thrust is in pounds and the velocity in feet per second. 
PROBLEM 
What is the Figure of Merit for the Basic Helicopter, 
if the input power is 1878 HP? 
From Equation (2-16), 
M = 1570.9/1878 = 0.837 
DISC LOADING 
Disc Loading, DL, is defined as the ratio of the 
weight supported to the total area of the rotor disc, 
DL = Weight = W = W 
Area A j5RT 
Since, in Hover, weight equals thrust, 




Power Loading, PL, is defined as the ratio of weight 
to input power. 
w PL = -P. in 
and, in Hover, 
( 2-19) 
T 
PL = - (2 20 Hover P. -in 




What is the Disc Loading and the Power Loading for the 
Basic Helicopter~ 
From Equation (2-17), 
DL= 20,000/3.1416.26.8 2 = 8.9 lb/sq ft 
From Equation (2-19>, 
PL= 20,000/1878 = 10.7 lb/HP 
From Equations (2-16) and <2-18) it may be shown that 
in Hover the Figure of Merit may be written as, 
l DL M =-•PL•-
12 IP { 2-21) 
The relationships between Power Loading, Disc Loading 
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COEFFICIENTS 
To facilitate computations and comparisons, non-
dimensional coefficients have been established for thrust, 
power and torque. Torque is power divided by the rotational 
velocity, Q = P/n. Inasmuch as the product of the rota-
tional velocity and the rotor radius is the tip velocity, 
QR = V T 
COEFFICIENT OF THRUST 
T T 
CT= ApV 2 = nR2 p(OR) 2 
T 
COEFFICIENT OF TORQUE 
c - 0 - ~~~Q~~-0 - ApRVT 2 - nR2 p(OR)2R 
COEFFICIENT OF POWER 
p p 
cp = ApVTJ = nR2 p(hR)3 
Note from Equation <2-25), 
p 0 ... 
CO = ApRVT2 
P/0 







= ApVT' (2-26) 
The Coefficient of Torque is equal to the Coefficient 
of Power, 




Determine the Coefficients of Thrust, Torque and Power 
fo the Basic Helicopter if the torque is 38,235 ft-lb and 
the power is 1878 HP 
Area = ~Rl= 26.8 2 ·3.1416 = 2,256.4 sq ft 
VT s O•R = 27·26.8 = 723.6 ft/sec 
From Equation (2-23), 
CT= 20000/(2256.4•.0023769•723.6 2 ) = 0.0071 
From Equation (2-i4), 
Co• 38235/2256.4•.00237 69•26.8•733.6 l ) = 0.0005 
From Equation (2-25), 
Cp = Cl878•550)/C2256.4•.0023769•733.6 3 ) = 0.0005 
As a check, note that CP = c0 . 
It may also be shown, by combining Equations <2-16), 
(2-23) and C2-26), 
H = (CTJ/2)/(CQ/2) 
that the Figure of Merit may be written, 
(2-27) 
Several con~lusions may be drawn from Equation C2-27). 
First of all, from Equation (2-23), the Coefficient of 
Thrust is proportional to the thrust or lifting force of 
the vehicle, and from Equation <2-25), the Coefficient of 
Torque is proportional to the power required. The latter 
function may be thought of as r~lated to the rotor drag 
times th e tip velocity. Thus it is, in a manner of 
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speaking, that the Figure of Merit .is somewhat a ratio 
between lift to the three-halves power and drag. This 
relationship will appear later in our discussions. 
It is also to be recalled that the Figure of Merit is 
actually the relationship between the power required for an 
ideal rotor (induced power or the thrust times the inflow 
velocity) to the power required for an actual rotor system 
(induced power plus the profile power required to overcome 
the blade drag). Again we observe that as we reduce the 
total power requirements of a vehicle, and as a result the 
Coefficient of Torque, we increase the Figure of Merit. 






Consider an element of a rotor bJade of chord, c, and 
width, dr, located a distance, r, from the hub, as shown in 
Figure 3. The resultant force, dR, may be resolved into 
components of the element thrust, dT, <perpendicular to the 
plane of rotation) and the element torque, dQ, C in the ro-
tational plane>. The torque force acts to overcome the drag 
force of the blade. 
This resultant force may also be resolved into the 
conventional lift and drag components, dL and do, as shown 
in Figure 4. 
-
~· t:°iVO •• -~-~ ia;ivi 
Figure 4 
It may be seen from Figure 4 that the thrusting force, 
dT, consists of a component of the elemental lift, dL and a 
component of the elemental drag, dD, with the drag compon-
ent reducing the elemental thrust so that 
dT = dL cos ai - dD sin a i (2-28) 
In a similar manner, the torquing force, dQ, consists 
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of a component of the elemental lift, dL, and a component 
of the elemental drag, dD, with the lift component adding 
to the drag. The component of the lifit force in the torque 
direction is analogous to the induced drag on an airfoil. 
The torque component may be expressed as, 
dQ = dL sin a. + dD cos a. 
l. l. 
( 2-29) 
The elemental lift and drag parameters may be ex-
pressed in terms of the non-dimensional section coef f i-
cients as 
dL = C1 qr dS 
and, 
dD = Cd qr dS 
where, 
dS = c dr 
qr = 1s P V r z 
t2-_3Q) 
( 3-31) 
The resultant velocity, Vr in Figure 4 is the vector sum of 
the local rotational velocity < n r> and the induced, or 
inflow, velocity, v, and is equal to <n r> cos a .• 
l. 
Equation (2-28> may now be expressed in coefficient 
form as, 
dT = '5 p (Slr) 2 •cos 2 ai·c•dr•(c1 ·cos ai - Ca•sin ai) (2-32) 
From Figure 4 it may be observed that Qr > v. 
1 I 
and 
that the indµced angle of attack, i:x • , is a small angle, so 
1 








Ci COi Cli ~ C1 
/ 
.lf'v 
d cosm~Cd 0 0 
" t( . • 
"t , . 
. v ' Cd , Cd sin•;<.< C1cos a1 
• • 
Figure 5 
From Figure 5 it is to be observed that c
1 
>> Cd and 
that c1 cos ai >> Cd sin ai. As a result, Equation (4-32> 
may be re-written in the reduced form as, 
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The total t~rust per blade may be obtained by inte-
gration of the elements along the blade, 
= /dT 
Tper blade ..R (OrJ'•c•dr•Cl 
= r 15 P 
0 
( 2-34) 
where R is the radius of the blade and C is the average 
three dimensional lift coefficient of the blade. 
For a rotor with a number of blades, b, Equation 
(2-34) integrates to, 
Tb blades=: b•c•p•(nR) 2 •R•C1 ( 2-35) 
Equation (2-35) assumes that the density along the 
blade is a constant (a logical assumption> and that the 
blade chord is a constant along the radius. We will later 
examine the effects of a non-constant blade chord. 
We have previously used the term Disc Area without 
formal definition, so let us now define that term and 
define a new, related term, 
DISC AREA CA0 > 
The Oise Area is the total area enscribed by the path 
of the rotor without coning, 






Solidity is the fraction of the Disc Area that is composed 
of blades, i.e., solid. For b number of blades of a 
constant cord, c, and a radius, R, the total blade area is 
b c R, and the solidity is, 
a = b•c•R 
r 11'Rz 
_ b•c 
- lTR ( 2-37) 
PROBLEM 
What is the solidity of the Basic helicopter rotor? 
From Equation (2-37>, 
a = <4·1.75>/<3.1416·26.8> = 0.00 
Substitution of Equations (2-36) and (2-37) into 
Equation <2-35) gives thrust in terms of solidity, average 
lift coefficient , density, Disc Area and the square of the 
tip velocity. If thrust is then reduced 
non-dimensional coefficient, CT' in Hover, we have, 




What is the average Coefficient of Lift for the Basic 
Helicopter rotor? 
From Equ~tion (2-38> and previous solution for C 
c 1 = 6·0.001110 . oe = o . s3 
TORQUING FORCE 
In a manner similar to t he l i ft force, the torquing 
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force may also be resolved into non-dimensional coef f i-
cients as shown in Figure 5. 
dQ = ~p(Gr} 2 •cos 2 ai•c•dr•(C1 •sin ai + Ca·cos ai) (2-39) 
Although the same small angle approximations still hold as 
before, now the drag coefficient component is of the same 
order of magnitude as the lift coefficient component, and 
both must be retained. With the small angle approximations, 
Equation C2-39) may be re-written as, 




Ca . = c1 •a . (induced drag) J. l. 
Cd = Cd (parasite/profile drag) 
0 
The power required (foot-pounds per second) to rotate 
the blades about the shaft axis is the product of the 
torque and the rotational velocity, 
dP = Q•dQ ( 2-41) 
Integrating along the blades, for b number of blades, as 
was done in the thrust forces case, we obtain the power 
required as, 
Pb blades= f·ar·<ca. +Ca )•p•A • (nR) 3 
J. o D 
( 2-4 2) 
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where the induced and profile drag coefficients are the 
averaged values over the blade length. The element profile 
drag coefficient varies little over the normal operating 
range of angles of attack and Mach number, and may, there-
fore, be considered to be effectively a constant. 
A realistic value of the profile drag coefficient is 
difficult to predict from wind tunnel section data, pri-
marily because the surface finish of the actual rotor is 
often quite poor as compared to the "aerodynamically 
smooth" surfaces of wind tunnel models. 
In addition, since blade twist is commonly used to 
improve performance, and since the unsteady flow results in 
varying inflow angles along the rotor blade, most sections 
are not at a given angle of attack at the same time and 
therefore produce varying amounts of induced drag from 
their lift components. 
Either high angles of attack or high Mach numbers may 
produce large increases in Cao and, 
increases in the power required. 





ably with changes in angle of attack (or lift coefficient> 
as predicted by aerodynamic theory. 
In general, the major changes in rotor power require-
ments are principally due to changes in the rotor induced 
46 
THRUST AND TORQUE THEORY 
power, that is the power to overcome induced drag. 
From Equations <2-25) and (2-42), the coefficient of 
power may be expressed in coefficient form as, 
C = l.a •(C-- +Cd) p • r di o ( 2-4 3) 
TOTAL POWER REQUIRED 
Analysis of the power required is handled more easily 
if the induced power term is predicted by use of the 
Momentum Theory and the Blade Element Theory is used to 
analyze the profile power requirements. 
The profile power required to Hover is, therefore, 
Po 
1 --
= 7 orcd pAD(OR)l 
0 
(2-44) 
The induced power required to hover was given pre-
viously as the product of the thrust, T, and the inf low 
velocity, v. The total power required to Hover is, there-
fore, 
p = ---+l -I orcdopAD(nR)l 
(2-45) 
PROBLEM 
Determine the profile and total power required to 
hover. 
From Equation (2-44) 
P 0 = (0.08•0.008•.002376•2256.4•733.6 3 )/8 
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P1 = 169,392.8 ft- l b/sec = 308 Hp 
Pt= Po + Pi= 1570 + 308 = 1878 Hp 
OPTIMIZATION 
It is possible to optimize several of the factors in 
the helicopter performance problem, but in order to develop 
an understanding of the significance and effect of each 
parameter, we will consider a piecemeal optimization by 
looking at each function separately. 
HOVER POWER OPTIMIZATION 
Equation (2-45) may be re-written as, 
T~ft p = -- .1 + 1 --
- - a c 3 12iO R e r d pn Vt. • R2 
t" 0 l.p 
(2-46) 
For a constant vehicle weight (constant thrust), 
constant altitude (p), fixed rotational velocity en> <which 
defines a constant tip velocity), and a constant average 
profile drag coefficient, Ca , Equation (2-46) becomes, 
0 
c1 2 
P = R + c2R Cc1 and _c 2 are constants) ( 2-4 7) 
From this equation it may be observed that the induced 
power decreases with increasing blade radius, while the 
profile power increases as the square of the blade radius. 
To find the optimum power with respect to rotor radius 
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of the ideal rotor system, set the differential of power 
with respect to radius equal to zero, 
ap 
3R = 0 = 
cl 
R2 + 2 c 2 R 
from which, 
c1 + 2 C2R2 
R 
(2-48) 
Thus, for optimum power for this ideal rotor system, 
the induced power <c, /R) is equal to twice the profile 
power (c 2 R
2
), or the total power requi:ed is equal to one 
and one-half the induced power. Since the Figure of Merit 
is the induced power (ideal power) divided by the total 
power <induced power plus profile power), 
_ Induced Power = 2 (2-49) 
Moptimwn - 1.5 Induced Power ~ 
Rotor 
What is being stated is that a rotor system that has 
the power optimized with respect to the rotor radius, will 
have a power at hover in which the induced power is twice 
the profile power. This is for an unique condition with a 
constant weight, a constant value of profile drag 
coefficient and a constant rotor size, but it does provide 
an insight into preliminary design parameters for the 
rotor. 
It is to be recalled that this discussion concerned 
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the optimization of an ideal rotor system. A more practical 
value for optimum Figure of Merit is 0.75. It can be seen 
that this Figure of Merit would require an induced power at 
hover three times the profile power. 
HOVER THRUST OPTIMIZATION 
The relationship between the geometric pitch angle,8 , 
of a blade section, the inflow angle, ai' and the angle of 
attack of the section, ar' is as shown in Figure 6, 
where, 





a . = inflow angle = u/Qr 
l. 
a = angle of attack 
r 







The optimimum pitch angle distribution is composed of 
two parts; a constant part, ar, and a variable part, ai . 
The first part is constant becuse it is desired to develop 
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requires a set amount of angle of attack. The second part 
is variable because the inflow varies with rotational vel-
ocity and is a function of the element radius, r. 
The elemental thrust at radius r is, 
dT 







a s section slope of the lift curve 
·c = chord dimension 
For a to be independent of the radius, r, the chord 
r 
must be adjusted to provide a uniform downwash. This con-
dition exists when the elemental thrust, dT, varies 
linearly with the radius, i.e., linearly from the root to 
the tip. 
Equation ( 2-51) can be ma'de independent of the blade 
radius by making the chord an inverse function of the 
radius~ 
c = c R Ct tr= -x 
where, 
ct =- t~p chord 
( 2-52) 
x ~ ratio of radius at any point, r, to total radius 




dT = Jsp Q 2 r R a . Clr ct dr ( 2-53) 
If Equation <2-53) is integrated along the radius and 
then multiplied by the number of blades, the total thrust 
is found to be, 
b R 3 
T = 2 P n2T a ar ct 
or, in non-dimensional form, 




= nR (solidity based on tip chord) 
( 2-54) 
(2-55) 
In Equation (2-38) it was shown that when the chord 
was not a function of the radius, the coefficient of thrust 
was equal to one-sixth the product of the solidity and the 
average section lift coefficient.. This may be compared to 
the results shown in Equation {2-55), noting that the 
solidi~y is based on different values of the chord. 
The induced torque, that is the torque required to 
overcome induced drag, is _given as, 
Q. = Jt ~ p (Or} 2 a. c1 r c dr l. 0 l. 
where, 
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If Equation C 2-56 > is integrated and v/ n r is sub-
stituted for 11.l! 
co. == Jspai ot cl 
l. 
v 
= CT TIR 
From momentum theory, 
T = 2ll'R 2 pv2 = C np R 2 (OR) 2 T 
and from Equations (2-57> and (2-58>, 
v - c'l' 
(fiR)~ - 2 
so that, 
c IJ 
T -C =CT~ -Qi 
CT3/2 
t2 




In a similar manner, the profile torque, 0c,, can be 
shown to be, 
00 = * b p (nR) 2 Cd 
0 
and, 
ct R2 ( 2-61) 
co
0 
=· ! 0 t Ca
0 
(2-62) 
Therefore, the optimum hovering performance for thrust 
is given, in a non-dimensional form, as, 
co.., coi +·coo 
3 
CT /2 + .t ot Cd 
=- 6 0 17 
( 2-63) 
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EQUIVALENT CHORD 
We have previously considered that the planform of the 
rotor blade was rectangular . Let us now consider the 
equivalency of the chord for a tapered blade. 
The equivalent chord must be calculated on a different 
basis for thrust and for torque. Torque varies as the drag, 
a function of the square of the radius, times the lever 
· arm, radius, or as radius cubed. Thrust, on the other hand 
varies as the radius squared. The equivalent chord, ce , 




= J c x 2 dx 
l x 2 dx 
Ce = I c x• .dx 
I x 1 dx 
(Thrust) 
(torque) 
co I ~ Jc, 
0 a 
a J.. 1- a 
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As an example, co11sider the determination of equiv-
alent chord for thrust calculations. 
From Figure 7, from the radius zero to 
point a, c = c 
a' 
and from point a to the radius 
one, i.e., ·the tip, the chord is, 
C = c 0 
c - c 




x 2 dx • 1 
• . T 
c = 3 f~c x 2 
e I 0 
1 dx + 3 f c 
a 1 
+ 
c -~c 2 
., 1(1-x) x dx 1-a 
or, 
c 
- c c = c a 3 + c + i-a1(l-f) 
- c a 3 e o l 1 
c 
- c ! 1 (a 3 - .l a .. ) 
- a .. 
or, 
[ c - c l c = c + ~ l 1 (1 - a~) e 1 - a 
the radius 
ratio of 
For the case where a = 0.5 (outer half of the blade is 
tapered) and c 1 = 0.5 c~ (tip chord equals one-half of the 
root chord), 




For a linearly tapered blade, i .e., constant taper 
from the root to the tip (a~ 0) , 
ce = c 1 + ~(c 8 - c ) = c - i(c - c ) 1 0 ~ 0 I (2-67) 
Equation (2-67> shows that for a linear taper from the 
root to the tip, the equivalent chord for thrust computa-
tions is equal to the chord at the three-quarters radius 
point. If the blade is rectangular Cc 0 = c~), and Equation 
C2-66) reduces to ce = c~. 
_Without going through the derivation as with thrust, 
for a linear taper 
c = c - J!. (c 
e o s o 
<a = 0) on t he torque basis. 
c ) 
I (2-68) 
and we can use t he chord at the o.e radius for torque 
calculations. 
It is to be observed that the three examples given 
above provide equivalent chords · at a fraction of the blade 
radius from the root of: 
0.766 - outer half tapered (thrust) 
0.750 - linear taper from root (thrust) 
0.800 - linear taper from root <torque> 
It should therefore be apparent that if the chord at 
the three-quarter radius is used for either thrust or 
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PROBLEM SE·r TWO 
1. A rotor with a radius of 20 feet produces a thrust of 
8,000 pounds at sea level. What is the induced velocity in 
feet per second? 
2. What is the minimum power required in ideal flow for the 
rotor system of problem 11 in horsepower? 
3. The total input power to the rotor system of Problem 11 
is 710 horsepower. What is the Figure of Merit? 
4. What is the Disc Loading and Power Loading? 
5. If the rotational velocity is 35 radians per second, 
what is the coefficient of thrust, the coefficient of 
power, and the coefficient of torque? 
6. A rotor with a radius of 30 feet and a rotational 
velocity of 35 radians per second has an average profile 
drag coefficient of 0.30. The chord of each of the three 
rectangular blades is 1.1 feet. What is the solidity? 
7. What is the profile power required for Hover at sea 
level for this rotor? 
8. If the rotor system de·scribed in Problems #1 and #8 is 
hovering at a gross weight of 8,000 pounds, what is the 
total pow~r required in horsepower? 
9. A tapered blade has a root chord of 12 inches and a tip 




to the 0.8 radius, and then a constant taper to the tip. 
What is the equivalent chord (thrust)? 
10. A blade has a constant taper from the root (c 0 = 1. 2 
feet> to the tip Cc 1 = .8 feet>. What is the equivalent 
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TIP LOSS 
In order to produce lift, an airfoil <rotor> must have 
a difference in pressure between the upper and lower 
surfaces. At the tip of the rotor blade, air tends to flow 
from the high pressure region (lower surface) to the low 
pressure region (upper surface). This flow, which creates 
the tip vortices, tends to despoil the pressure difference 
at the tips and thereby reduces the lift in the general 
area of the tips. Because of the flow over the top surface 
of the rotor, this tip flow is not spanwise, but creates a 
resultant flow at an angle aft of the span line. Not only 
does this motion join with the about-the-tip flow to pro-
duce the tip vortices, but this diverts the normal chord-
wise of the flow and adds to the reduction of the generated 
lift. 
In performance calculations this reduction in lift may 
be taken into account by either of two ways - by reducing 
the lift an amount proportional to the tip losses; or by 
considering that the radii of the blades are effectively 
reduced by a factor. The latter method, which will be used 
in these discussions, computes a lesser lift on the basis 
that the generated pressures act on a smaller area. A blade 
with a Tip Loss Factor of 0.9 will be considered as gener-
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ating the same lift as 
losses. The extent of 
a blade of radius 0.9 R without tip 
the tip loses depends on the blade 
loadings, increasing as the Coefficient of Thrust increases 
and decreasing with the number of blades. 
In 1927, Prandtl and Betz made an approximation of Tip 
Loss Factor as, 
B=l-~ ( 3-1) 
b 
where, b is the number of blades. 
For example, with a Coefficient of Thrust of 0.007, a 
4-bladed rotor has a Tip Loss Factor of 0.97, while a 
2-bladed rotor has a Tip Loss Factor of 0.94. 
The effective radius of the blade is reduced by the 
tip loss factor so that, 




portions of the 
the effective 
blade outside, i . e., toward the 
radius are assumed to have profile 
drag, but no lift. The effective Disc Area with tip loss, 
for lift contributions, is therefore, 
A = Tr (BR) 2 = R 2 Tr (3-3) 
e e 
It should be noted that although it is assumed that 
there is no lift beyond the effective radius, there is, 
indeed, some lift in this region, and t he tip flow affected 
region extends inboard of the effective radius. The 
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effective radius is an averaged condition. 
TAPERED BLADES 
A tapered blade has a smaller Tip Loss Factor because 
the tip flow acts over a smaller area than with a rectan-
gular blade. In fact, this is ~ primary reason for tapering 
rotor blades. Since the lift at the tips is less anyway, 
there is no reason for having the larger surf aces at the 
tips. 
A Tip Loss Factor developed by Wald can be used for a 
straight taper starting at 
from the root, 
12c,... 
B=.1-~-k c,,, 
b l J. 
where, 
kl = 0.6 if xt < a.s 
and k1 = 0.3 if xt > o,s 
Yet another Tip Loss 
blades is given by, 
B = .1 - Tip Chord 
2R 
a fraction, x , of the radius 
t 
(.3 ... '1 ) 
Factor approximation for tapered 
(3-5} 
For the purposes of these discussions, the Prandtl-
Betz approximation of Equation (3-1) will be used for 
rectangular blades and the Wald approximation will be used 
for tapered blades. 
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Since the tip losses affect only the lift and not the 
profile drag, the correction is applied only to the induced 
power and not to the profile power. Inasmuch as the induced 
power must be increased in order to provide the same thrust 
with tip loss as would be provided without these losses, 
the induced power with tip loss, PiTL , is computed by di-
viding the induced power without tip loss by the Tip Loss 
Factor, 
1 p. = -•P. 1'.:'L B l. (3-6) 
Since the effect of the Tip Loss Factor is to reduce 
the radius of the blade in the thrust determinations, 
another approach to the determination of induced power 
required with tip loss is to make the basic computations 
using effective area <Ae> or effective radius <Re> as in, 









The Figure of Merit is the ratio of ideal power re-
quirements to the actual power requirements, and is there-
fore computed as, 
P. 






1 TL o 
(3-8) 
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GROUND E.Pl?ECT 
The effect of operating n~ar the surface or ground is 
to create an upward velocity which reduces tha induced 
angle of attack with the result that the resultant vector 
is tilted to a more vertical position. 
Unlike the tip losses which reduce the generated lift, 
ground effect provideq an increase in lifting forces, 
because the more nearly vertical resultant produces a 
larger lift direction force. All aircraft experience ground 
effects when flying close to the surf ace, but inasmuch as 
the helicopter spends so much time in close proximity to 
the surface, it is greatly affected by this phenomena of 
reflected energy. 
A theoretical treatment of ground effect may be made 
by replacing the rotor with a cylindrical vortex and the 
ground by an image vortex of opposite rotation. This sat-
isfies the necessary condition that the velocity be zero at 
the ground. To use this treatment, it must be assumed that 
the circulation along the rotor blades ia constant (twisted 
blades) and an expression is derived that is concerened 
with that portion of the total torque coefficient that 
varies with thrust, llc 0 = f(CT). 
Additional expressions are derived that provide this 
portion of the torque coefficient that varies with chang~s 
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in the height of the rotor above t he ground, and presenta-
tions are made to the ratio of ~c0 in free air, i.e., out 
of ground effect (OGE) to the 6c0 in ground effect (IGE). 
These equations are quite laborious, and it is common 
only to refer to empirical plots of 6c0 /6cQ (OGE) for the 
desired end product. These plots vary with the Coefficient 
of Thrust and solidity and are frequently plotted as a 
function of Crrf O or even CT/o 2 to make the plots independ-
ent of solidity. 
The assumptions that are required to develop the 
equations for the vortex cylinder introduce inaccuracies 
and complexities that tend to degrade the results, and, as 
a consequence, it ·is usually better to rely on the empir-
ical data to provide plots of thrust in ground effect as 
related to thrust out of ground effect CT/TOGE > as a 
function of the ratio of the height of the rotor above the 
ground to the rotor diameter. 
Figure 1 is such a family of empirical curves based on 
Royal Aircraft Establishment Technical Note 1903, July 
1947, by Zbrozek . Shown here is a plot of the ratio of 
thrust in ground effect to the thrust out of ground effect 
plotted against the ratio of rotor height to rotor diameter 
for various values of thrust coefficient to solidity 
ratios. 
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Figure 1 
For example, for a ratio of thrust coefficient to 
solidity of 0.05, a 40 foot diameter rotor located 8 feet 
above the surface (rotor height to diameter = 0.2) would 
develop almost one and a half times the thrust in ground 
effect as it would out of ground effect CT/TOGE= 1.5). 
This means that this rotor system develops fifty percent 
more thrust in ground effect than it does out of ground 
effect with no additional power. 
The power required to develop the thrust out of ground 
effect· is calculated on the basis that the required thrust 
equals the weight. In ground effect the required thrust 
must still just balance the weight to Hover, but the in-
duced power provided must only furnish a part of this 
thrust since the ground effect furnishes the additional 
power required to balance the weight. In the previous 
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example it was determined that the thrust in ground effect 
was 150% of the thrust out of ground effect, so in ground 
effect only enough induced power is required to develop 
1/1.S of the thrust, or 0.667 T. 
As a check on this statement, if enough power is pro-
duced to balance 0.667 of the gross weight, with a Coef-
ficient of Thrust/solidity of 0.05 at a rotor height to 
rotor diameter ratio of 0.2, 1.5 times 0.667 of the weight 
is obtained in thrust, or 1.0 times the weight. 
The Coefficient of Thrust used to enter Figure 1 is 
the coefficient based on thrust equals weight. 
Inasmuch as it is known that the thrust developed must 
equal the weight in order to Hover, it makes little sense 
to compute the ground effect on thrust and then convert 
this to the amount of engine provided thrust that is 
required. It is much easier to use curves that directly 
express the ratio of induced power required in ground 
effect to induced power required when out of ground effect 
(Pi /Pi >. It is to be noted that in Figure l the curves 
OGE 
are close together at the upper rotor heights, one can de-
velop a typical curve of power ratio that is fairly good 
for all thrust coefficient/solidity ratios. Such a curve is 
shown in Figure 2. 
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Figure 2 
It may be seen from Figure 2 that the curve takes a 
consfderable turn at the upper rotor heights. As a general 
rule of thumb one can consider that the ground effect has 
nearly dissipated by the time the rotor is one-half di-
ameter (one radius) above the surface. At this ratio, the 
induced power ratio shows but a nine percent gain due to 
ground effect, only slight greater than the accuracy of the 
curve. One should also remember that even with the heli-
copter sitting on the ground, the rotor is at some height 
above the surface. When one considers the rotor hub, mast, 
engine, fuselage and landing gear, the eight foot rotor 
height in the previous example makes for a very squat 
helicopter. As a result, there is very little reason to 
show an · induced power ratio for a rotor height to rotor 




For the Basic Helicopter, when the rotor is 32 feet 
above the ground, what is the ratio of induced power lGE to 
induced power OGE? 
For a rotor radius of 26.8 feet (and a diameter of 
53.6 feet) the height to diameter ratio is 32/53.8 = 0.6. 
From Figure 2 the ratio of induced powers is approximately 
0.93. This means that there is about a 7% reduction in 
induced power at this rotor height. 
A curve fitting for the plot of Figure 2 shows that 





= {-0.1276{h/D) 4 + 0.7080(h/D) 3 - l.45G9(h/D) 2 
+ l/3432(h/D) + 0.5147} ( 3-c-8) 
It is also to be noted from Figure 2 that although the 
ground effect as almost dissipated by the time the rotor is 
one radius above the ground, there is still some effect up 
to a rotor height of two diameters. 
Without dwelling on the subject, consider what would 
happen if one side of the rotor were in ground effect and 
the other side out of ground effect. How could this happen? 
By hovering over the edge of a building, an oil-rig plat-
form or over the edge of a ship. It is for this reason that 
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helicopter pilots must exercise extreme caution when 
hovering or proceeding at slow velocities over a drop off . 
It must also be remembered that unless the helicopter 
takes off and lands from a tall pole, all take-offs and 
landings are conducted in ground effect. This will be exam-
ined in more detail in the vertical flight and forward 
flight chapters, but one should keep in mind that during 
the initial phases of take-off and during the final phases 
of landing, the helicopter is developing an additional lift 
due to ground effect. and, if the helicopter rises out of 
the ground effect region, this effect is lost. 
To gain an appreciation of how ground effect deter-
mines the low altitude performance of a helicopter, let us 
consider the following case: 
A helicopter with a 20 foot diameter rotor mounted 10 
feet above the bottom of the wheels or skids has, to Hover 
out of ground effect, an induced power required of 917 
horsepower and a profile power required of 303 horsepower. 
This helicopter has a total power available of 1,210 
horsepower. 
Starting with the . helicopter on the ground, it 
attempts to hover in two foot increments above the ground. 
The ratio of induced power in ground effect to the induced 
power out of ground effect is found from Figure 2 for rotor 
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height to rotor diameter ratios based on the actual rotor 
height. For example, when the helicopter is sitting on the 
ground the height to diameter ratio is 0.5 <10 ft/20 ft), 
while when it has raised to a height of two feet above the 
ground the ratio is 0.6 ClO + 2 ft/20 ft>. 
Table I shows the height above the ground Ch. H >, the 
induced power required <Pi>' the total power required <Pt> 
and the excess power available CPEx>· 
TABLE I 
ITERATIVE HOVER HEIGHTS WITH GROUND EFFECT 
6H p . l. pt PEX 
0 834.5 1,137 . 5 72.5 
2 852.8 1,155.8 54.2 
4 871. 2 1,174.2 35. 8 
6 885.0 1,188.0 22.0 
8 891.3 1,194.3 15.7 
10 898.7 1,201.7 8.3 
12 903.2 1, 20 6. 2 3.8 
14 905.1 1,208.1 1.9 
16 909.7 1,212.7 -2.7 
18 912.4 1,215.4 -5.4 
20 . 915.2 1,218.2 -8.2 
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From the Table it can be observed that the helicopter 
has excess power available until it is between 14 feet and 
16 feet off the ground, at which point the total power 
available is less than the power required. This means that 
the helicopter can Hover in ground effect until it is a 
little over 14 feet off the ground and then it can no 
longer hover at this weight and power. 
When the helicopter is in forward flight, the ground 
effects tend to reduce slightly because the the rotor is 
moving away from the reflected energy, but this effect is 
minimal. However, as will be seen in the discussions on 
forward flight, the induced power required is reduced with 
forward motion, so the effect of total power becomes less. 
PHYSICAL EFFECTS 
The energy of a wake from a propulsive system is 
ultimatly dissipated by viscous mixing with the surrounding 
atmosphere, so that the wake component is slowed and fin-
ally disappears as the stream returns to ambient condi-
tions. · 
In the case of a lifting system near enough to the 
surface, the wake may impinge on the surface with suffic-
ient energy to produce a variety of physical effects in 
addition to . producing the apparent increase in lifting 
force. These effects include: 
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1. Surface erosion or burning 
2. Generation of additional noise 
3. Reduced visability due to water or dirt mist 
4. Erosion or corrosion of the aircraft components 
s. variations in stability and control 
6. Loss of power due to eKhaust re-ingestion. 
7. Changes in the pressure field about the rotorcraft 












40 lb/f t2 
20 lb/ft2 
3 lb/f t2 
2 lb/f i 
2 lb/f t1 
The pressures are those required to first disturb the 
surface layer of the listed materials. To put these figures 
into proper perspective, consider a 25,000 pound helicopter 
with 25 foot radius blades hovering at sea level. This 




ROTOH. FLOW EFFEC'rS 
v = IT/2npR2 
= 125,000/(2•0.0023769•n•25 2 ) = 51.75 ft/sec 
If it is recalled that the downwash below the rotor is 
twice the induced velocity, and the downwash velocity is 
rounded off to 100 ft/sec, the dynamic pressure at this 
velocity (~ pvw2 > is 11.88 lb/ft 2 , over half enough to com-
mence the erosion of a crushed rock surface. 
Another important action of the ground effect activity 
is the variation of the pressure field about the heli-
copter. Consider the case of a nose-down flight as is re-
quired in forward flight at low velocity near the ground. 
The entrapped reflected air under the nose provides a 
nose-up moment, while the freer air, with less reflected 
energy due to the difference in rotor heights, under the 
rear of the vehicle contributes a smaller moment. If the 
vehicle tended to pitch down, the ground effect reaction 
would be increased, thereby stabilizing the motion. 
Another important action of the ground effect activity 
is the variation of the pressure field about the heli-
copter. Consider the case of a nose-down flight as is re-
quired in forward flight at low velocity near the ground. 
The entrapped reflected air under the nose provides a 
nose-up moment, while the freer air, with less reflected 
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energy due to the differ~nce in rotor heights, under the 
rear of the vehic l e contributes a sma l ler moment. If the 
vehicle tended to pitch down, the ground effect reaction 
would be increased, t hereby stabilizing the motion. 
FLOW THROUGH THE ROTOR 
Momentum Theory is based on a constant energy flow 
above and below the rotor and it assumes that the slip-
stream has a finite velocity on both sides of the rotor 
disc. When these conditions are not met, Momentum Theory, 
and any other theory which depends on analytic expression 
for flow energy, no longer produces theoretically correct 
results. 
As long as the he l icopter ascends, a slipstream exists 
above and below the disc and the Momentum Theory is sound 
and valid. When the helicoter hovers, however, the slip-
stream becomes infinite far above the rotor and the Momen-
tum Theory is somewhat limited. Although this theory can be 
applied to hovering conditions, it doe s not apply without 
some modifications. 
In order to consider the causes and effects of several 
flow patterns throug h the· rotor disc, two new dimensionless 
coefficients , f an f F, are defined . These coefficients 
depend on the verti cal velocity and the velocity of the 
flow through the rotor. With U as t he flow through the 
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rotor and V as the vertical velocity of the helicopter, 









v is the average induced flow through the rotor, pos-
itive if the helicopter is hovering or ascending, and neg-
ative if the helicopter is descending at moderat~ly high 






and for the case when v is positive, 
T = 2Ap(Vv + v) = 2Ap{U) (U - Vv) 
Eciuation (3-13) may be rewritten as, 
T 
2ApU "" U - V v 
or, 
T . V 
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Substituting from Equation (3-10> , 
v 
- v F = 1 - - ( 3-16) u 
but from Equation <3-12>, f/F = CU/Vv> 2 , and by taking the 
square root and substituting into Equation (3-16>, 
F = 1 - CF/l)~ ( 3-17) 
or, 
f = f 
(1 - F) 2 
(Vertical Ascent) < 3-le> 
When Vv is negative, i . e., in a descent, it can be 
shown that, 
f = F 
( l + F) 2 
(Vertical Descent) ( 3-19) 
It was previously stated that the limiting case for 
flow through the rotor was when the induced velocity, v, is 
one-half the vertical velocity, Vv· This is the case when U 
is equal to one-half Vv· With these values for U and Vv, 
Equation <3-12> shows that, for the limiting case, 
f (V~2) 2 
= = ~ 
F v 2 
v 
If we substitute this relationship between f and F 
into Equations (3-17) and (3-18), the limits on these 
76 
ROTOR FLOW EFFECTS 
coefficients are found to be, 
'fl . . = 1.. imi:t "" 
Fl. - 1 11ni t -
( 3-20) 
In the regions where Momentum Theory does not hold, an 
expression has been developed by Glauert that approximates 
the actual conditions quite well, except for the junctions 
between the Glauert curves and the Momentum Theory curves. 
One of these uncertainty regions is at Hover, thus indi-
eating that the application of Momentum Theory at Hover may 
be somewhat questionable. Glauert's equation is, 
:F = 3 ! 2 
(1 - 2f) 2 
( 3-21} 
To permit the plotting of Hover, where f = ~, Figure 3 
shows the relationship between l/f and l/F for both Homen-
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Six different flow conditions will be examined and 
reference to a letter on Figure 3 will be ma.de for each 
condition. 




r = 01 F = 01 U/V = 1 
v 
In the Zero Thrust condition, Figure 4, the resultant 
velocity is equal to the total airflow velocity CU = V > 
v 
._ -
and the average coefficients Cf and F> are zero because no 
thrust is being developed. v ~ 0. This condition is the 
same for either infinite rate of ascent or infinite rate of 
descent. Only the direction of the velocity vectors are 
reversed. 
VERTICAL ASCENT (B) 
When the thrust is positive (upwards} and the ratio of 







f = ; ( U/Vv) > 1 Cl ... F) 2 
In this condition, the stream tube is characterized by 
an upstream area slightly larger than the area at the disc 





' + u ' 
Figure 6 
[ = oo ; 'F = 1 ; C U /V ) = IX> • 
v 
As the rate of vertical ascent decreases, the velocity 
induced by the ascent (V ) decreases until it reaches zero. 
v 
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is as shown in Figure 6. Note the wider streamtube above 
the rotor disc. This increased volume of air must be 
"pumped" by the rotor to induce thrust. The smaller 
streamtube in vertical ascent as an indication of the 
smaller amount of work, i.e., power, that is required in 
vertical ascent as compared to Hover to produce the same 
lifting force. As is seen from Equation (9), as the heli-
copter descends from Hover, tthere is a transition from the 
Momentum Theory region intq a region where other theories 
or approximations must be made. 
VORT.EX RING STATE (0) 
Figure 7 
0 • 5 ~ f .-<; ·co; F > 1 ~ < U /V > ~ 0 
v 
After Hover, as the helicopter begins to descend, the 
ratio of U to v becomes.negative, the induced velocity due 
v 
to pumping, u, is downwards and the velocity induced by the 
vertical motion of the vehicle is upwards. Toe coefficient 
F is greater than unity and the coefficient f lies between 
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one-half and infinity. 
When the helicopter is at Hover or 
vortices developed at the rotor tips are 
rotor. Since new vortices are developed 
ascending, the 
shed below the 
counterclockwise 
about the disc as the rotor turns, the shed vortices have a 
spiral motion in addition to their vorticity as they 
descend. 
In descent, however, the combination of the upward 
velocity, Vv , due to the motion and the downward induced 
velocity produces a vortex ring about the rotor tips that 
tends to stay with the rotor. This ring of vortices produce 
a strong effect on the performance of the rotor. 
As the helicopter descends with power in the Vortex 
Ring State, it is, in effect, pumping air from beneath the 
rotor by action of the vortex ring. At high power settings, 
it is possible to pump so much air from beneath the rotor 
that the helicopter will inc~ease its rate of descent. As 
the rate of descent is increased, the Vortex Ring becomes 
stronger, and even more air is pumped from beneath the 
rotor. 
As the area of descent is increased, the pilot may 
attempt to slow the rate of descent of the helicopter by 
adding addional 
increase in the 
power. This results, however, in an 
strength of the Vortex Ring, and increases 
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the rate of descent. If power is reduced to lessen the 
Vortex Ring, the lift is also reduced, and the helicopter 
also increases its rate of descent. This phenomena is 
called "Power Settling". 
I 
The 'escape' from Power Settling is to shed the ring 
by non-vertical motion, preferably by use of the forward 
cyclic control which, in effect, pitches the rotor out of 
the Vortex Ring. Similar results may be obtained by sliding 
sideways to shed the ring. 
Because Power Settling is usually demonstrated at 
altitude for safety reasons, many pilots believe that this 
is an altitude-related phenomena. However, Power Settling 
may occur, with even more disasterous results at low alti-
tudes. 
Some confusion may exist between the terms "Power 
Settling" and "Settling with power". The latter condition 
is the result of flying with in~ufficient power to generate 
the thrust required to balance the lift, and the helicopter 
descends. In Power Settling, the helicopter may descend at 
less than the maximum gross weight, even when full power is 
applied. 
TURBULENT WINDMILL BRAKE STATE (E) 
As the rate of descent with power increases from the 
Vortex Ring State, the tip vortices may shed above the 
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rotor as shown in Figure 8. 
Figure 8 
0.5 < f < ~; 0 < (U/VV) < 0.5 
There is a nebulous boundary between the Vortex Ring 
Stat~ and the Turbulent Windmill Brake State, and the 
vortex ring may detach and reattach before it becomes 
completely detached above the rotor. As in the Vortex Ring 
State , the Momentum Theory does not hold, but Glauert's 
approximation may be used. 
WINDMILL BRAKE STATE (F) 
As the rate of descent continues from the Turbulent 
Windmill Brake State, the vortices are now shed as in 
ascending flight, except that they are now shed above the 
rotor. The ratio of 






infinity as the 
helicopter approaches an infinite rate of descent. Because 
the helicopter is descending, the vortices are actually 
being shed downstream, but now this is above the rotor. 
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Figure 9 
r ·""' Cl ~· Fl 2; C U/V v> < 1 
FLOW WITHIN THE DISC AREA 
Although the solidity factor has been used in the 
computations, the rotor was considered to be either (a) 
completely solid so that thrust was developed at every 
point cc. ~:.~ lisc, or Cb> completely open so that the flow 
through the disc was uniform in nature. It is obvious that 
neither of these assumptions is correct. 
The actual flow through the disc is a complex function 
with the effects of periodicity due to non-uniform flow as 
the finite number of rotor blades open and close portions 
of the disc, due to the effects of rotor downwash on the 
blade immediately following and the effect of rotor upwash 
on the immediately preceding blade. 
This variation in flow results in a variation of the 
induced velocity across the rotor disc with an average 
value equal to the value that has been used in the calcu-
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lations of induce~ power required. 
In forward flight the velocity resultant is different 
at different locations on the disc, with the lower veloc-
ities on the retreating blade side. Because the thrust 
developed at any element of a blade is equal to the local 
lift coefficient times the local area times the local dy-
namic pressure, which is a function of the square of the 
local velocity, it may be seen that the lower velocity on 
the retreating blade will produce a lower thrust unless the 
lift coefficient is increased by increasing the angle of 
attack. 
V1in•+viQ f ~ 
ilr+Vco1• lin• 
Figure 10 
Ai shown in Figure 10, the local angle of attack is 
the geometric pitch angle, e, minus the angle between the 
vertical and horizontal components of (a) the induced vel-
ocity, <b> forward velocity component and (c) the 
rotational velocity. Inasmuch as the forward velocity 
components and the induced velcities are variable about the 
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rotor disc, it stands to reason 
attack, also varies about the 
typical variation of local angle 
velocity environment. 
that the local 
disc. Figure 11 
of attack in a 
£1,.v 
Figure 11 
angle of . 
shows a 
forward 
The hatched area on Figure 11 is the region of re-
versed flow where the forward velocity component, which is 
subtracted from the rotational velocity on the retreating 
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blade side, is negative. No lift can be developed in this 
region. This circle increases in size with increasing for-
ward velocity as well as with decreasing rotational veloc-
ity. 
As forward velocity increases, the pitch angles must 
be increased on the retreating blade side to produce higher 
local angles of attack to recover the lift. As the local 
angle of attack is increased, the portion near the tip may 
reach the stalling condition. This condition is called 
"Retreating Blade Stall". Inasmuch as it takes some finite 
amount of time for the stall to develop and for the flow to 
reattach when the local angles are reduced below the crit-
ical stall value, the retreating blade stall region extends 
even further aft (increasing $) than the region in which 
the local angle of attack is greater than the stall angle. 
As a result, the retreating blade stall zone is in the left 
rear quadrant of the blade. 
The only way to recover from retreating blade stall is 
to increase the rotational velocity of the rotor (usually 
not practicable> or to decrease the forward velocity. It is 
the retreating blade stall that usua l ly limits the forward 
velocity of a helicopter. 
With each blade en tering Rnd ex i ting the retreating 
blade stall region in tu rn, the P. f fect~ of this stall is 
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felt a number of times per revolution equal to the number 
of blades. For example, a four-bladed rotor will have a 
nfour per Rev" vibration or 'thump' in a retreating blade 
stall situation. 
Retreating blade stall occurs because the pitch angle 
of the retreating blades is increased in order to provide 
the increased angle of attack to recover the lift lost due 
to the local velocity degradation. If the lift on this side 
of the disc were obtained by other means, the angles of 
attack could remain below the critical stall condition, and 
retreating blade stall would not occur. One method of 
accomplishing this is to use two coaxial rotor systems 
rotating in opposite directions. The advancing side of each 
blade is used to develop the lift forces for that side of 
the disc and the inherent degradation of the retreating 
blades is no longer a problem. This is the basis of the 
Sikorsky "Advancing Blade Concepttt (ABC) rotor system. 
This solution is not as simple as it first appears. 
The lower rotor system is operating in the downwash of the 
upper system, and this reduces the efficiency of the lower 
rotor. This will be discussed in the chapter on multiple 
rotors. In addition, the flapping motion of the blades 
necessitate a separation sufficient to prevent each rotor 
from contacting the other . Other problems may arise from 
89 
HELICOPTER PERFORMANCE 
the necessity for transmitting power through concentric, 
counterrotating shafts, and the difficulty in transmitting 
blade feather signals to the separate rotors. 
An even more insidious problem with blade stall is 
that of dynamic stall. In static stall, as the angle of 
attack is slowl y increased, a point is finally reached at 
which the flow over the airfoil separates and the airfoil 
loses lift, i.e., stalls. At each incremental angle of 
attack position the pressure field about the airfoil is 
different, and the progression from one field to another is 
orderly. However, if the change is angle of attack is 
abrupt and/or gross, it is possible for the pressure field 
to 'overshift' rather than progressing sequentially. This 
dynamic change may result in separation of the flow and the 
development of a stall condition at angles of attack dif-
ferent than would be predicted under static stall 
conditions. Theoretical performance predictions based on 
static aerodynamic characteristics tend to fall short of 
actual airfoil performance. 
Rotor operation at high advance ratios produce radial 
flow along the rotor blade span. This time-variant aspect 
of rotor aerodynamics is frequently ignored, but when the 
rotor is operating at or nea r t he stall, unsteady 
aerodynamic theory must be appli P.d. 
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accomplishing this is to use two coaxial rotor systems 
rotating in opposite directions. The advancing side of each 
blade is used to develop the lift forces for that side of 
the disc and the inherent degradation of the retreating 
blades is no longer a problem. This is the basis of the 
Sikorsky "Advancing Blade Concept" (ABC) rotor system. 
This solution is not as simple as it first appears. 
The lower rotor system is operating in the downwash of the 
upper system, and this reduces the efficiency of the lower 
rotor. This will be discussed in the chapter on multiple 
rotors. In addition, the flapping motion of the blades 
necessitate a separation sufficient to prevent each rotor 
from contacting the other. Other problems may arise from 
the necessity for transmitting power through concentric, 
counterrotating shafts, and the difficulty in transmitting 
blade feather signals to the separate rotors. 
Another method for mitigating or eliminating re-
treating blade stall that is currently under study envolves 
the use of circulation control rotors. Here the circulation 
. 
about the rotor is forced by directed flow over the rotor 
blade. This flow would p~obably come from turbine engine 
exhaust gases. With the development of a controlled cir-
culation flow, it would matter not to a rotor blade section 
whether the flow is from leading edge to trailing edge, or 
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and then have a straight taper to the tip? 
6. The induced power required is 202 horsepower for a three 
bladed rotor system which has a Coefficient of Thrust of 
0.006. What is the induced power required with tip loss? 
7. In computing the Figure of Merit, should the total power 
be computed with or without tip loss? 
8. Hovering in ground effect has what effect on the 
induced, profile and total power required? 
9. A helicopter requires 200 horsepower to hover out of 
ground effect. Three-quarters of this is the power required 
to turn the rotors. The rotors are 20 f eet long and are 11 
feet above the ground. How much power is required to hover 
with the wheels five feet off the ground? 
10. What is the physical principle behind the method for 






All of the material presented thus far has been con-
cerned implicitly with a single rotor helicopter (without 
tail rotor) in Hover. Let us now summarize this material 
and examine it as to cause and effects. 
It has been shown that the inflow velocity through the 
rotor, v, is due to the pumping action of the rotor, there 
being no stream velocity in Hover. This inflow velocity is 
directly related to the thrust that is developed, 
- ( T 1~ v - l2PA { d-1) 
In steady Hover, the thrust is equal to the weight, so 
by knowing the gross weight of the helicopter, one can de-
termine the required inflow velocity for Hover. 
Since the induced power, the power required to develop 
the thrust force, is the product of the thrust, T, and the 
inflow velocity, v , the induced power, in foot-pounds per 
second is, 




What is the induced power requir.~d for the Basic 
Helicopter? 




Pi = 20,000 • 43.2/550 = 1570.9 HP 
The power determined by Equation (4-2) is for an ideal 
condition without tip losses and without ground effect. To 
find the induced power requirements with tip losses, one 
can use the Prandtl-Betz approximation, 
P . 
1 Tip Loss 
1 
= a Pi 
where, 
B : l - /2CT 
}) 
with CT being computed on the basis of thrust without 
tip losses. 
PROBLEM 
What is the Tip Loss Factor and the induced power with 
tip loss for the Basic Helicopter? 
The Coefficient of Thrust was found in Chapter Two to 
be 0.0071. With 4 rotor blades, from Equation (3-1), the 
Tip Loss Factor is, 
B = 1 - (2•0.0071/4)~ = 0.94 
The induced power Cwith T i p Loss) is ther~fore, 
P . = 1570.9/.94 = 1671.2 HP 
1 
Here it seen that t he losse s ~ t t he t i p necessitate 










the same lift. 
Empirical data is available for the effects of ground 
effect on the induced power in the form of a ratio of in-
duced power in ground effect to the induced power out of 
ground effect. 
The total induced power required to Hover, with tip 
losses and in ground effect may, therefore, be sununarized 
as, ( 4-3) 
1 T3fl p 
----·--·--
r"2CT l2pA POGE 
1 - ---"b 
pi = 
PROBLEM 
When the rotor of the Basic Helicopter is 32 feet 
above the ground, what is the induced power required? 
From the Problem in Chapter Three, it was found that 
the ratio of the induced power IGE to OGE was 0.93. The 
induced power required, !GE with Tip Loss is therefore, 
P = 1671.2•.93 = 1554.2 HP 
It is to be observed that for this particular hover height, 
the losses due to tip effects have been more than recouped 
by the ground effect. Of course, as the helicopter hovers 
at increasing heights, this advantage is lost . 
Examination of Equation (4-3) shows that the induced 
power required increases as the thrust (weight) to the 
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three-halves power, which means that the induced power 
required increases more rapidy than weight additions. For 




fifteen percent increase in induced power. As a 
thumb, for small weight variations, the increase in 
power is approximately one and a half times the 
increase in weight. 
It can also be observed from Equation <4-3) that the 
induced power is an inverse function of the square root of 
the density. Since density is a non-linear inverse func-
tion of altitude, it can been seen that the induced power 
required increases with increasing alt i tude. From ICAO 
Standard Atmosphere Tables one can find values of the den-
sity, P, or the ratio of density to standard sea level 
density. This ratio is called sigma, o , and is not to be 
confused with the symbol for solidity. con the other hand, 
it probably will be so confused!) Some Atmospheric Tables 
also contain listings of the square root of density or of 
density ratio. See Appendix for these tables. 
For example, the inverse of the square root of density 
ratio at an altitude of 10,000 on a Standard Day is 1.1637. 
Since the density ratio at sea level is 1.0000, this means 
that the induced power required at 10,000 feet is approx-
imately 16 percent greater than that required at sea level. 
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At 14,500 feet, the induced power required is approximately 
125 percent of the sea level requirements. 
From the plots of P/POGE , Figure 2 of Chapter Three, 
it is seen that the maximum effect of ground effect is at 
the touchdown height of the rotor, or about a rotor 
height/diameter of 0.1. The ratio of in-to-out of ground 
effect induced power is approximately 0.8 at this height 
ratio. Since the inverse of 0.8 is 1.25, this indicates 
that the induced power loss due to altitude at 14,500 feet 
could be recovered if the helicopter could Hover in maximum 
ground . effect at that altitude! 
From Blade Element Theory it has been shown that the 
profile power required to rotate the blades against their 
drag, in foot-pounds per second is, 
P = i Ca a p A V 3 
o e o T (4-4) 
Equation <4-4) is based on an averaged profile drag 
coefficient, and is not optimized for twisted or tapered 
blades. 
It is to be observed from Equation <4-4) that the pro-
file power required is inversely proportional to the alti-
tude (directly proportionai to the density>, so that the 
profile power requirements decrease as altitude is 
increased. This may seem str~nge at first, but remember 
that it is easi~r to push the rotor blades through the l~ss 
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dense air at altitude. 
Once again, it may be determined from Standard Atmo-
sphere Tables that a change in altitude from sea level to 
10,000 feet results in a reduction in density to approx-
imately three-quarters of the sea level value. (Density 
ratio at 10,000 feet is 0.7385). This means that the pro-
file power required at 10,000 feet is approximately three-
quarters of that at sea level. 
Recalling that the induced power required has 
increased by 16 percent while the profile power required 
has decreased by 25 percent, one might assume that the 
total power required at 10,000 feet altitude is less than 
that at sea level. However, one must bear in mind that the 
net effect at altitude depends on the relationship between 
induced and profile power. 
It may also be noted from Equation C4-4> that the pro-
file power is greatly dependent on the geometry of the 
rotor, there being terms for solidity and area. The product 
of solidity and area is blade number times radius times 
chord. As would be expected , making the blades longer, 
wider or more numerous will increase the profile power 
requirements. 
The average profile drag coefficient is a function of 






(laminar or turbulent), flow separation points and the 
surface roughness. After many years of fabric covered 
blades, nearly all rotor blades are currently covered with 
metal, plastic or fiberglass, and, as a result, the 
smoothness of the blade keeps the profile drag coefficient 
low. 
Most pronounced in the profile power equation is the 
effects of the tip velocity, V , which is a cubic. An in-
crease in the rotational velocity of the rotor, or in the 
rotor radius, results in a large increase in p~ofil~ power. 
For example, increasing the rotor velocity by 10 percent 
results in a 32 percent increase in profile power. An in-
crease in rotor radius not only appears to the third power 
in the tip velocity, but also appears to the first power in 
the solidity-area terms, so that profile power is a func-
tion of blade radius to the fourth power. Increasing the 
radius by five percent will require over 21 percent in-
crease in profile power. 
Summarizing the total power requirements in Hover by 
adding Equations (4-3) and (4-4), 
p = 1 T 
3h P 1 3 ( 4- 5) • ~~ • ~ + - C cr p A V 
12CT /2pA POGE A do T 




P/PoGE = l.O · for rotor height/rotor diameter> 1. 
PROBLEM 
What is t he effect of Tip Loss and ground effect on 
the total power required for the Basic Helicopter? 
Only the induced power is changed by tip losses and 
ground effect. The profile power is uneffected by either of 
these factors. 
VERTICAL CLIMB 
To commence a rate of vertical climb, the thrust must 
be increased to a value in excess of the gross weight so 
that an accelerating force is produced. Once a steady rate 
of climb has been established, i.e., acceleration is zero, 
the thrust may be reduced to the value of the gross weight. 
As in the case of hover, the thrust is produced by an 
inflow of velocity through the rotor disc, but unlike the 
hover case, there is now a stream velocity component to 
this inflow. 
In the hover, the induced velocity, which is the total 
inflow velocity, is related to the thrust by, 
vh = IT/2pn R 2 (4-6) 
Because the hover inflow velocity is a convenient base 
mark, it will be desi gnated, for the present, as vh. 
Inasmuch as the thrust/Coeff icient cf Thrust rela-





T = C 7TR 2p(QR) 2 T 
then, 
CTpnR 2 (QR) 2 
vh = 2 R 
or, 
Vh = '2R.rc::72 T 
POWER REQUIRED 
= (QR)2 CT T 
Using Blade Element Theory, in hover, 
dT = 2 n r dr p vh (2vh) 




For a steady rate of ~limb, Vv, with an induced <pumped) 
velocity in the climb of vv, 
dT = 2 7T r dr p (Vv + vv) (2vv> (4-11) 
Since thrust equals weight in a steady rate of climb, 
Equations <4-10> and <4-11> are equal, and therefore, 
v 2 = v (V + v ) h v v v ( 4-12) 
Solving Equation (4-12> for the induced velocity in a 
climb, vv, 
v 
v = - ...:!.. + ICv /21 2 v 2 v + vh2 
(4-13) 
As a check, in hover, Vv = 0 and vv = vh. 
In previous examples it has been shown that the in-
duced velocity in hover, vh, is of the order of 25 to 45 
feet per second. This is 1,500 to 2,700 feet per minute, 
and in most cas~s the value of one-half the vertic~l climb 
velocity, Vv/2, will be much smaller th;i.11 ·,•h, so that th~ 
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radical part of Equation C4-13) may be reduced to, 
{(V /2) 2 + v 2 } = v 2 v h h (4-14) 
For this condition , which is quite typical, Equation 
(4-13) may be approximated as, 
v = v - v /2 v h v 
Equation C4-15) states that the induced velocity due 
to the pumping action of the rotor in a vertical climb is 
approximately equal to the induced velocity in Hover, re-
duced by one-half the vertical velocity. 
For stable climbing flight, with thrust equal to 
weight, if Equation <4-15) is multiplied by thrust in order 
to obtain the power required, 
WV 
T•v = T·v - ~ v h 2 
(4-16) 
The left hand portion of Equation C4-16) is the in-
duced power required to climb, while the first term on the 
right hand side of the equation is the power required to 
Hover, 
P . - P . = ~W 
J.v 1 h v 
(4-17) 
The change of altitude per unit time < 6 hA t) is the 
average of the difference between the vertical velocity in 
climb (V = 0) and the vertical velocity in climb cV =Vv ), 
or, 




Equation C4~18) is, of course, an equation for the 
rate of climb. 
Multiplying Equation <4-18> by weight, it is to be 
seen that the difference in the induced power required to 
climb and the induced power required to Hover is equal to 
the change in potential energy per unit time <W dh/dt). 
VERTICAL CLIMB ENERGY ANALYSIS 
The difference between the rotor shaft horsepower 
(RSHP) available and the rotor shaft horsepower required is 
the excess rotor shaft horsepower C RSHP). Since the power 
required to change the potential energy of a give n weight, 
W, at a given rate, dh/dt, is, 
p 6PE = W dh/dt 
( 4-19) 
for every excess rotor shaft horsepower in hover there is a 
specific climb rate which may be attained, 
6RSHP 33,000 feet per minute V' = W ( 4-20) 
where V' is the uncorrected rate of climb. 
The uncorrected rate of climb would occur if: 
1. Main rotor power is the same in climb as in Hover. 




3. There are no losses in transmitting the excess RSHP 
to the air. 
4. The drag of the fuselage is neglected. 
None of the above statements is true, and the uncor-
rected rate of climb is usually not a realistic figure. The 
variance in each of the above items will be discussed 
later. 
Once a natural flow rate has been established through 
the rotor disc due to the vertical motion of the disc, a 
smaller change in velocity need be imparted to the air to 
produce a given thrust. A representation of this phenomena 
is shown in Figure 1. 
VERTICAL FLT. 
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It might be deduced that if the rotor were driven up-
wards at a velocity equal to the inflow velocity at Hover , 
no pumped induced power would be required, as far as the 
rotor is concerned, to produce the weight balancing thrust. 
Note that from Equation C4-2), the variation of 
induced velocity with the vertical velocity depends on the 
value of the induced velocity in Hover. A non-dimensional 
relationship, shown in Figure 2, may be obtained by 



















At a zero rate of climb, hover, the gradient of the 
curve of Figure 2 is approximately minus one-half, implying 
large reductions of induced power are associated with rel-
atively small climb rates. 
The power available is equal to t he sum of the power 
required <induced plus profile ) plus the excess power that 
could be used to produce a rate of climb, 
Pavailable = Pi + Po + P6PE (4-22) 
Equation (4-22) ignores the power required to overcome 
the fuselage parasite drag, but in a vertical climb, this 
is usually a small quantity, and will be ignored for he 
present. 
Also ignored was the power required to perform the 
climb, i.e., the product of the thrust and the vertical 
velocity. If this term is added, once again ignoring the 
fuselage parasite power, the total power required in a 
climb is', 




+ TV v ( 4-2 3) 
If the power available i n the climb is the same as the 









climb is the same as the profile power in hover, 
P. + p6PEh = l.h P. + p6PEV l.v 
( 4- 24) 
If the induced power is expressed in terms of induced 
velocity and the excess power in terms of the velocity that 
could be produced, for a stabilized climb where the weight 
is equal to the thrust, 
W (vh + V') = W (vv + Vv) 
Solving Equations (4-12) and (4-25) to eliminate vv, 
v 
v V' = 
1 
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Note that Vv is corrected only by the consideration of 
an approximation to the change in induced power, and that 
the actual rate of climb will be less than Vv due to: 
1. Increase in rotor profile power because of the the 
changes in rotor drag when the vertical velocity changes 
the effective angle of attack of the blade elements. 
Cd is a function of the angle of attack of the blades. 
0 
2. Power required to overcome the parasite drag of the 
fuselage. 
3. Imperfect transmission of the rotor excess power to 
the air. 
Especially at the higher power settings, the actual 
velocity of climb is such that Vt < Vactual < Vv· 





A typical blade element in Hover is shown in Figure 4. 
If the blade pitch is increased (step-in collective> from 
that required to Hover, the blade angle of attack is also 





increased lift and increased induced velocity . as shown in 
Figure 5. 
L 1 >---
.. ;zr---- oC". J ~ .. :Jv 
nr 
STEP IN COLLECTIVE 
Figure 5 
The unbalanced vertical force will cause the 
helicopter to accelerate upwards, thus producing a vertical 
velocity which must be added vectorally to the velocity due 
to rotation and the induced velocity in order to determine 






• As the vertical velocity increases, the angle of 
attack decreases, a~creasing the extr~ thrust and the 
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acceleration. The vertical velocity will continue to 
increase, decreasing the angle of attack, until the excess 
thrust is zero and the rotor is once again in a stabilized 
condition, as shown in Figure 6. 
Momentum analysis shows that an increase in velocity 
of flow through the rotor disc results in a given amount of 
lift being produced with a smaller induced velocity. Al-
though the decrease in induced velocity results in a re-
duction in the induced power required, the effect of the 
climb velocity is to tip the lift vector such that there is 
an increase of the component in the plane of rotation, and, 
as a result, an increase in the total power required to 
climb. 
VERTICAL PARASITE POWER 
The power required to overcome the parasite drag of 
the fuselage in vertical climb is the product of the 
dynamic pressure <one half the product of the density and 
the sq~are of the vertical velocity) and the equivalent 
flat plate area of the fuselage. 
It is to be recalled that drag is equal to the dynamic 
pressure times the product of the coefficient of drag and 
the characteristic ~rea. The latter two terms may be com-
bined by consid~ring that their product is equal to an 










1.0. The equivalent flat plate area may be larger or 
smaller than the actual cross section, depending on the 
degree of streamlining of the shape. 
Although most helicopters are streamlined so as to 
offer minimal frontal area <related to flat plate area in 
forward flight), they are rarely so configured for vertical 
flight, and as a result, the equivalent flat plate area 
<vertical) may be as large as five or six times that for 
the equivalent flat plate area (horizontal). 
It is now seen that the total power requirement in 
vertical climbing flight is the sum of the induced power, 
the profile power, the power to climb and the f uselage 
parasite power, 
PT = P. + P + TV + p iv ov v Pv 
( 4-27) 
To observe the nature of the fuselage parasite power 
requirements, consider a helicopter climbing at sea level 
at 50 feet per minute. This helicopter has an equivalent 
flat plate area <vertical) of 30.8 feet 2 • The parasite 
power, product of the drag -and the velocity, is given by, 
P = ~ P f vv3 p v 
v 
(4-28) 
and, for the example, 
. so 1 





If the vertical velocity is increased from 50 feet per 
minute to 300 feet per minute, the parasite power, although 
increasing by a 3 factor of 6 
horsepower from 0.0001 horsepower. 
increases only to 0.0194 
On the other hand, a 20,000 pound helicopter at a 
vertical climb velocity of 50 feet per minute has a climb 
power, T"V , requirement of 30.5 horsepower, and increas-
v 
ing the climb rate to 300 feet per minute increases this 
portion of the power required to 189 horsepower. 
Inasmuch as the thrust must equal the weight, in-
creasing the weight of the helicopter increases the climb 
power requirements. For example, doubling the gross weight 
doubles the climb power portion from 183 to 366 horsepower 
for a helicopter that was initially at a weight of 20,000 
pounds. 
From this it is to be seen that, except for very light 
helicopters at very high rates of climb, the vertical par-
asite power may be ignored. 
VERTICAL TOTAL POWER 
It has been shown that the power required in vertical 
flight consist of four parts~ induced power, profile power, 
parasite power and climb power. The induced power in a 
vertical climb is reduced from that r~quired to hover by 





that approximately one half the vertical velocity is 
directly substituted for the pumped inflow velocity. The 
profile power is essentially constant, although there will 
be minor variations due to the changes in flow direction 
over the rotor. The parasite power is negligible <except 
for very large rates of climb) when compared with the other 
power fractions and may be ignore in approximations. It has 
been stated that this climb power, which is the power 
required to increase the potential energy of the vehicle, 
is the product of the weight and the vertical velocity. 
sunning these changes, it is seen that the power 
required in a stabilized climb can be related to the power 
required in a hover by the approximation, 
P Climb = P Hover + WV,/ 2 ( A-29) 
Because of the fact that the induced velocity is 
reduced by one-half the vertical velocity, Equation <4-29) 
is valid only to a vertical speed twice the induced 
velocity in hover. 
FORWARD FLIGHT 
As the helicopter proceeds from Hover into forward 
flight, the total power requirements change significantly 
Due to the effects of translational velocity on the rotors 
and due to the effect of fuselage parasite drag in forward 
flight. An exact solution of the forward flight problem is 
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quite difficult due to the velocity variations across the 
rot or disc, however, simple approximations may be made . 
The total power required in forward flight is the sum 
of t be power required to overcome: 
1. Main rotor induced drag 
2. Main rotor profile drag 
3. Fuselage parasite darg . 
If the helicopter is a single rotor vehicle the tail 
rotor power must be taken into account, as well as all 
mechanical losses. The effect of forward flight on each of 
the three items listed above will be covered in turn. 
FORWARD INDUCED POWER 
In Hover, the total flow through the rotor is entirely 
induced (pumped) and variations inthe induced velocity 
produce variations in the induced power required. As is the 
case in vertical flight, as forward flight velocity 
increases, the mass flow through the rotor disc increases 
due to the movement of the helicopter (translation> and the 
induced velocity required to be pumped to produce a given 
thrust is reduced. If the · same induced velocity were 
provided by the engine in forward flight as in Hover, there 
would be an increase in thrust Clift), thereby creating the 






Predicting the induced power requirements of the main 
rotor in forward flight is more complicated that was the 
case for Hover, and no theory exists that absolutely 
predicts the induced velocity distribution across the rotor 
disc. 
There are several iterative solution methods, such as 
the Sikorsky Generalized Rotor Performance method, that can 
be used with highly accurate results, but a simplified 
solution can be made if it is assumed that the same induced 
velocity exists across a circular stream whose diameter is 
the diameter of the rotor . This assumption r esults in 








A velocity/force diagram in forward flight (neglecting 
the vertical drag due to downwash) is s hown in Figur~ 7 . 
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The vertical component of the induced velocity is that 
component required to produce a vertical force to balance 
the weight of the helicopter. The power required to produce 
this vertical component of induced velocity is defined as 
"the induced power in forward flight" and can be analyzed 
using momentum theory. The vertical component is called 
The horizontal component of the induced velocity, 
v .• 
l.T 
v . , 
l.D 
(so designated because it is that velocity in the drag 
direction) is the velocity required to overcome the para-
site drag of the helicopter. This will be taken into 
account in a later section. 
As before, momentum theory is used to relate the 
vertical force to the vertical induced velocity, 
T = w = lpA vr <2vi > (4-30) 
T 
where Vr is the resultant velocity through the disc. Due to 
the relative magnitudes of the forward flight velocity 
vector, Vf , and the horizontal component of the induced 
velocity vector, vi , as shown in Figure 12, the resultant 
D 
veloci tY, vector may be approxi. .• ctt13d as, 
v 2 ~ v 2 + v. 2. (4-31) 
r f 1T 
Recalling the equation for the induced velocity in 
Hover, which we will now call vh , 
vh 2 = W/2 pA 
from Equations <4-30> and (4-32> it can be seen that, 
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vi = v . 2 /V ( 4- 3 3) T l.h r 
which shows that, in forward flight, the induced velocity 
required to support the weight is reduced. 
In order to provide a better understanding of the 
dependence of viT on forward speed, the approximate rela-
tionship between Vr and Vf from Equation <4-31> is used, 
producing a quadratic equation in viT' the solution of 
which is, 
v. 2 = v 2;2 + l(v 2 /2) 2 + v. 2 
iT f - f ih (4-34) 

















If Equation (4-34) is divided by the square of the in-
duced velocity on Hover Cvh , dropping the subscript h for 
ease in writing>, a non-dimensional expression results, 
vi V 2;v2 Jo; 
T = -{ f 2 + I (V f 2 /2v2) + l } - (4-35) 
v 
This variation is shown in Figure 8. 
The induced power in forward flight required to sup-
port the weight of the helicopter is the product of the 
induced power and the induced velocity. The ratio of the 
induced power in forward flight, 
required in Hover, Pi' is, 
p, Wv. v. 
l.f l.T l.T p:-=w-=v. 
l. v. l. 
l. 
Pi , to the induced power 
f 
(4-36) 
From Equation <4-36) it is seen that Figure 8 also 
represents the variation of the 'induced power requirements 
with forward flight, within the limits of this analysis. 
Even though momentum analysis tends to underestimate the 
induced power requirements due to the restrictive assump-
tions, the ratios are quite accurate. 
At high forward velocities, momentum considerations 
indicate that the induced velocity will become quite small 
so that, 


















so that the induced power required at high forward veloc-
ities is, 
P. = W v. = 
1 f 1 T 
w2 (4-39) 2p A Vf 
To draw an analogy to a fixed-wing aircraft, a fixed-
wing aircraft with a span, b, and a uniform, ideal down-




= 2npb 2 Vf (4-40) 
showing that the rotor acts as a fixed aircraft wing of 
span equal to the rotor diameter at high velocities. This 
high speed approximation is also shown in Figure 8. 
At · the lower velocities, the analogy with the fixed-
wing aircraft fails, for where the fixed-wing aircraft has 
increased induced velocity~ and therefore increased induced 
power, requirements, limited by aerodynamic stall, the 




The induced power requirements at all forward veloc-
ities is, from Equation (4-34>, 
P. = T l. v. 
l.T 
P 
V z; z 
i = T• {-_f_v + l(v 2/2v 2 > 2 + l}~•v f 
PROFILE POWER IN FORWARD FLIGHT 
(4-41) 
Blade Element Theory is used to analyze the variations 
in blade profile power requirements. As before, the average 
section drag coefficient, Cd , will be used for the 
0 
determinations. This average is usually obtained at low 
angles . of attack and at sub-critical Mach numbers, 90 they 
may be grossly in error at some of the forward flight 
conditions. Corrections will be discussed later 
For small induced angles of attack, the element pro-
file drag force lies approximately in the plane of rotation 
and the profile power required for b number of blades is, 
at each element, 
p 
oe 
= b Cd 
. 0 
1:i p v 3 c dr 
e 
In hover, the element velocity, v 
e 
( 4-42) 
, is simply the 
velocity due to rotation, and for small induced angles of 
attack is equal to the product of the rotational velocity 





the tip velocity, VT . 
.,., 
In forward flight, the element velocity vector, Ve ' 
is the resultant of the velocity due to rotation and the 
forward flight velocity, 
--+ - -Ve = fir + Vf ( 4-4 3) 
Because this is a vector summation, the result is a 
cyclic variation of element velocity with respect to the 













the ~ = 270 point < ljJ = 0 being aft with measurement 
counterclockwise as viewed from above) to a maximum at the 
ljJ = 90 point. 
The torque created by the rotor results from the pro-
file drag forces produced by the velocity vector component 
normal to the blades, i.e., chordwise. For this reason, the 
element velocity to be considered for profile power 
analysis is the chordwise component, 
Ve = nr + vf sin ljJ (4-44) 
The influence of the spanwise component, i.e., the 
portion of the flow parallel to the blade, of Ve will be 
discussed later. 
The average power required around the azimuth for a 
single blade element can be stated as, 
dP
0 
1 [ 2 71' dP 
o oe 
dip ( 4-4 5) 
= 2n 
Combining Equations <4-42) and (4-45), it is seen that 
the profile power required for the entire rotor with b 






I r/ cdo ~ p (Or + .vf sin ljJ) 3 c dr dljJ ( 4-4 6) 
Evaluation of this integral produces the main rotor 
profile power requir~d, 
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lJ = QR (Tip Speed Ratio) 
(4-47) 
It is to be noted that Equation (4-47) is the same as 
the equation for profile power required in hover, increased 
by a factor equal to three times the square of the ratio of 





= (1 + 3µ 2 ) (4-48) 
It must be remembered that there have been several 
assumptions and simplifications made in this derivation. 
Orie of these was the use of only chordwise component of the 
velocity. In the following sections corrections to the 
basic estimates will be considered. 
ROTOR H-FORCES 
The dissymmetry of the local velocity on the rotor in 
forward flight, as shown in Figure 9, produces a variation 
in local drag forces. The effects of this local drag vari-
ation will be examined by looking, in turn, at the effects 
of the chordwise and spanwise components of velocity. 
The H force is a result of the chordwise velocity 
components and is a summation of the element profile drag 
forces parallel to the chord of the rotor blade. Iri hover, 
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the H force is zero, but in forward flight, because of the 
1 . 
lack of symmetry of the chordwise velocities, there is a 
difference in the advancing (high velocity, moving into the 
forward flight 'wind'> and the retreating Clow velocity, 
moving 'down wind') blade chordwise forces. This variation 
of the chordwise profile drag force in forward flight 
produces two effects: 
1. An increase in torque requirement, which causes the 
power requirement of p0 (µ
2 ). 
h 
2. The generation of a rotor hub shear force, H , 
l 
which . has a power requirement of P0 (2µ 2 ). h 
The H force is a result of the viscous drag due to 
2 
the spanwise, i.e., radial, flow and was neglected in the 
previous determination of profile power requirements. This 
flow produces a rotor shear force in the downstream direc-
tion with an associated increase in the power required in 
forward flight of approximately fifty five percent. The 
H forces can be accounted for by increasing the profile 
2 
power required values of Equation (4-42> to read, 
p = p (1 + 4.65µ 2 ) 
of oh 
(4-'19) 
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REGION OF REVERSE FLOW 
The chordwise velocity on a blade element is, 








On the r~treating side <180° " t!J < 360° >, the 
component of the rotational velocity and the forward flight 
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velocity are subtractive so that there exists a region in 
which t he local flow is reversed , or flows from the 
trailing edge of the blade to the l eading edge, as shown in 
Figure 11. 
The radius at which the resu l tant velocity is zero, 
r , is the boundary of the reverse flow region and may be 
0 
determined by setting Ve equal to zero i n Equation (4-50). 
vf 
r = - - sin 'i' 
0 S1 ( 4-51) 
or by divid i ng by R to present a fraction of the blade 
radius ,. 
r 
0 R = - S1 sin ip (4-52) 







At lower velocities this region may be of secondary 
interest due to the fact that the rotor blades usually have 
a hub section that extends out some finite distance from 
the rotor shaft. This section is required for structural 
reasons and for the blade control mechanisms, so the area 
of reverse flow is of little consequence. However, it may 
be seen from Equation (4-52) that the extent of this region 
is a direct function of the forward velocity, and as this 
velocity increases, so does the region of reverse flow. 
The reverse flow is contained in a circular area on 
the retreating blade side of the rotor. The fraction of a 
blade that experiences reverse flow at the w = 270 point 
is equal to the tip speed ratio,µ. 
The actual flow situation in and around the reverse 
flow region is quite complex due to the fact that the flow 
through the rotor is not uniform. In the region where the 
local velocity is negative, the pbwer required to drive the 
rotor is also negative. That is to say, the blade is being 
driven ·by the 'drag' force. Because this region was 
included in the power integral, the previous solution 
assumed that the blade was · as effective in extracting power 
from the air (in the reverse flow region> as it was in 
putting power into the air. 
The amount of negative power is usually quite small 
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and is often ignored, but it may be approximated as about 
eight percent of the profile power correction, thus re-
ducing the 4.65 u 2 correction factor to ninety two percent 
of that value, or approximately 4.3 µ 2 • This revises the 
profile power requirement of Equation (4-49) to, 
Po 
f 
.., ..!. a Cd 
8 0 
p A (QR) 3 (1 + 4.3}J 2 ) 
FORWARD PARASITE POWER 
( 4-5 3) 
As the helicopter proceeds from hover into forward, 
level flight, drag forces are created on the fuselage, 
rotor mast, landing gear, et cetera due t o pressure drag 
and skin friction. This parasite drag may be expressed as, 
D = Cd q S (4-54) 
p p 
where S is a characteristic area and Cd depends on the 
0 
fuselage shape, streamlining and attitude. 
While induced drag and profile drag may be used for 
flight in any l~vel direction, the parasite drag is ex-
tremely sensitive to the heading of the helicopter, 91~ner-
ally being a minimum in straight ahead flight and increas-
ing for sideways flight. 
As with vertical flight, it is customary to determine 
an equivalent flat plate area for the helicopter in forward 
flight, this area being an area with a drag coefficient of 






area and actual drag coefficient, 
DP = ff q (4-55) 
Some representative values of the flat plate area in 
forward flight are shown in Table I for three helicopters 
and a small fixed-wing military jet CA-4). 
TABLE I 
FORWARD FLAT PLATE AREA 






The induced power requirements previously developed 
considered only the vertical, ' i.e., thrust, component of 
the induced velocity in the power calculations. The hori-
zontal · component of induced velocity, v results from 
the necessity to provide a force to overcome the parasite 
drag for equilibrium flight. This drag is included in the 
overall flat plate equivalency for forward flight, ff, and 
the parasite power required is, 
p = ~ p v 3 f p f f (4-56) 
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FORWARD TOTAL POWER 
The sununation of Equations <4-41), <4-53> and (4-56) 
provides the total main rotor power required for a single 
rotor aircraft out of ground effect. Figure 18 is a plot of 
these powers for a helicopter at forward velocities from 
Hover to 150 knots. Note that the induced power drops off 
rapidly with increased forward velocity, and, as a result, 
so does the total power required. The increase in the for-
ward parasite power at the higher velocities causes a 
reversal of this trend and, after reaching some minimum 
power required region, the power begins to increase 
rapidly. 
Figure 13 is for a 20,000 pound helicopter with three 
rectangular blades of 1.1 foot c hord and 28 foot radius at 
an altitude of 1,000 feet. The tip velocity is 840 feet per 
second, flat plate area of 36 feet and an average profile 
drag coefficient of . 0 . 012. 
This plot of power required versus velocity is for the 
main rotor only and has been computed out of ground effect. 
In the discussions on vertical flight it was stated 
that the vertical parasite drag was but a small fraction of 
the total drag, and the power requirements for this portion 
were minimal. Not so with the forward parasite drag. At 50 




(J.ll) AJ.1001ilA Gl:IY Ml:IOd 
0·011. 0·111. o·oo' 0·1i 0·01 0·11 o·o 





• 0 ..... / .... .. .. 
... 
______ ·_·~·~)/-.~.~,~~.~.-.~ --a;i~OH-~ ------- ; 
/ ·.......... .. ~ 
I =· ~m I G!l:>OGNI.... : : 
/


























with an equivalent frontal flat plate area of 20 square 
feet at sea level has a parasite power required of about 26 
horsepower. Doubling the forward velocity to 100 knots 
results in a factor of eight in the power, 2 3 , for a para-
site power of over 200 horsepower. 
As to the overall power requirements, it must be 
remembered that the induced power decreases with forward 
velocity, and inasmuch as the ground effect is but a 
fraction of the induced power, the difference between the 
in ground effect and the out of ground effect induced and 
total power becomes smaller at forward velocity, as shown 
in Figure 14. 
This plot is for the same helicopter as 
but now the helicopter is at a height of 20 
of Figure 13, 
feet above the 
surface, thus putting its operations in ground effect. 
It is to be observed from Figure 14 that the differ-
ence between total power out of ground effect and the total 
power in ground effect is reduced at the higher velocities. 
This is 'not due to a "flying away from the ground effect", 
but is rather a function of the type of power that is the 
subject of ground effect. ' It was previously shown that 
ground effect caused a change only in induced power. It is 
to be observed that the induced power r e quired decreases 
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power is a percentage of the i nduced power, it stands to 
reason that the actual horsepower change is less at the 
higher velocities. 
FORWARD CLIMBING FLIGHT 
The effects of vertical climb and of forward, level 
flight on the induced velocity a nd therefore on the induced 
power required have each been discussed previously, and now 
it is necessary only to combined these actions in order to 
determine the power required for forward climbing flight. 
FORWARD CLIMB INDUCED POWER 
If the vertical drag is neglected for the moment, the 
vertical force produced by the rotor disc is equal to the 
weight of the vehicle, 
T = W = ApV ( 2v . ) 
r l.T 
where vi is the vertical component of the 
T 
and the resultant velocity , V r , is, 
V = ./Vf2 + (V + v. ) 2 




The relationship between the parameters of Equation 








If the weight term in Equation C4-57) is replaced by 
its value in terms of the induced velocity in Hover, i.e., 
weight equalsl2PA vi , and this term is then combined with 
Equation C4-58), the relationship between the induced 
velocity in hover and the other velocity parameters may be 
determined as, 
v. = v. ./Vf2 + (V + V. )2 
i iT v iT 
( 4-5 9) 
If Equation (4-59) is divided by the product of the 
induced velocity in hover and the vertical component of the 
induced velocity in forward climbing flight, 




{(Vf/v.) 2 + (V /v. + v. /v.) 2 }~ 
i v i iT i 
Cv · • V · 
i iT 
) , a 
(4-60) 
Although Equation (4-60) appears to furnish the rela-
tionship between the induced velocity in hover and the 
induced velocity in the forward climb, it is to be noted 
that the inverse of this ratio is contained on the right 
hand side of the equation. If Equation C4-60) is expanded 
and the terms collected, . the result is a fourth order 
equation in vi which is not easily solved. It can be 
T 
observed from Equation (4-60), however, that the induced 
velocity in forward climb is less than the induced velocity 
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required in a hover. If the vertical force is equal to the 
weight, the ratio of Equation (4-60) is also the ratio of 
the induced power required, hover to forward climb. 
Figure 16 shows the ratio of the induced velocity in 
forward climb to the induced velocity in Hover plotted 
against the ratio of the velocity of forward flight to the 
induced velocity in hover, for various ratios of vertical 
velocity to induced velocity in hover ratios. 
I . II 
121 !' B 
ra. & 
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-¥1 II. Lf 
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Figure 16 
Inasmuch as induced power ratios are equal to the in-
duced velocity ratios, it may be observed from this figure 
that the power ratio in forward climb, CV v /vi> 0) , is 









of the forward flight velocity. It can also be observed 
that the climb induced power approaches the hover induced 
power at the higher velocities. 
The other component of the induced velocity, vi ' 
D 
will once again be included in the parasite power term. 
FORWARD CLIMB PROFILE POWER 
The corrections previously applied to the profile 
power term for forward level flight are still quite rea-
sonable for forward climbing flight. As a result, the pro-
file power required for forward climbing flight is, 
p 
0 = .l. cr Cd a o 
p A (nR) 2 ( 1 + 4. 3µ 2 ) 
FORWARD CLIMB PARASITE POWER 
The parasite power required for forward 
( 4-61) 
climbing 
flight may be obtained by resolving the resistance of the 
helicopter to non-zero flight velocities into vertical and 
horizontal components. However, it may be considered that 
the ver.tical portion of the forward climb experiences the 
same resistance as in vertical flight with the same vert-
ical velocity, and the horizontal portion experiences the 
same resistance as in level flight at the horizontal 
velocity component. Therefore, a simple summation of these 
terms will provide a good approximation to the total para-
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site power required, 
p = ~ p f v 3 + ~ p f v 3 p v v f f ( 4-6 2) 
To use some typical values, a vertical velocity of 500 
feet per minute at a forward velocity of 20 knots for a 
helicopter whose vertical flat plate area is 56 square feet 
and whose horizontal flat plate area is 32 square feet 
results in a forward parasite power required almost forty 
times that of the vertical parasite power required. Thus, 
in forward climb with small climb velocities 
the forward velocity, the vertical 
Equation (4-61) may be ignored . 
FORWARD TOTAL POWER REQUIRED 
power 
as compared to 
portion of 
With the profile power and the parasite power remain-
ing essentially the same in a climb as in forward flight, 
and with the induced power being less in a climb than in 
forward flight, it would appear that the most efficient 
mode of forward flight operation would be to climb while 
moving forward. However, there is one more power require-
ment that must be consider_ed, that of the power required to 
change the potential energy of the helicopter during the 
climb. As in the case of the vertical climb, this power is 






p Climb = W•V v 
When this power 
POWER REQUIRED 
( 4-6 2) 
is added to the other power 
requirements, it is found that it does, indeed, require 
more power to climb while moving forward than to fly 
forward in level flight. 
PROBLEM 
For the Basic Helicopter, what is the Climb Power for 
a climb at 1,000 feet per minute? 
From Equation (4-62), 
Pclimb = T*Vv 
= 20,000 Lb * (1,000/60) ft/sec 
= 333,333 ft-lb/sec 
= 606 HP 
The total power for climbing forward flight may be 
expressed as, 
PT = T•v. +ta Ca p A (OR) 3 (1 + 4.3µ 2 ) 1 T o 
+ ~ P ff Vf 3 + ~ p f V 3 + T•V v v v ( 4-6 3) 
This equation is a "universal" equation for power re-
quired inasmu·ch as the insertion of the values of induced 
velocity, vertical velocity, and forward velocity applic-
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able to the desired situation will provide the total power 
required for vertical flight, forward flight, forward 
climbing flight or hover. 
For example, if one wishes to determine the power 
required to hover out of ground effect, the induced 
velocity term is the induced velocity in hover, the ground 
effect ratio of induced power is unity , the vertical 
velocity and the forward flight velocity terms are zero, as 




PROBLEM SET FOUR 
For all of these problems, consider a helicopter with 
the following parameters: 
b = 4 n = 28 rad/sec R = 30 ft 
c = 1. 3 ft ca = 0.012 f = 60 ft 2 
0 v 
w = 20,000 lb Alt ,.. 1,500 ft f = 30 ft 2 f 
l. What is the total power and the component powers re-
quired to hover out of ground effect? 
2. What is the total power required to climb vertically at 
200 feet per minute? 
3. What is the total power required to fly level at ve-
locities of 20, 40 and 60 knots out of ground effect? 
4. What is the total power required to fly level with the 
rotor 20 feet above the surface at velocities of 20, 40 and 
60 knots? 
5. What is the total power required to climb in forward 
flight if the vertical velocity is 200 feet per minute and 
the forward velocity is 20, 40 and 60 knots? 
6. What is the total power required to climb at double the 
rate of climb of Problem ts, i.e., 400 feet per minute at 
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the same three forward velocities. 
7 . This helicopter has an excess power of SO horsepower at 
hover out of ground effect. What is the excess power in 
forward level flight at 20, 40 and 60 knots out of ground 
effect? 
8. If this helicopter has no excess horsepower at Hover, at 
what maximum weight could it fly at 40 knots out of ground 
effect? 
9. If this helicopter has a shortfall of SO horsepower at 
if it attempts to hover in ground effect, 
hover put of ground effect? 
10. If this helicopter has 
what happens 
a shortfall of SO horsepower in 




ANTI-TORQUE AND MULTIPLE ROTORS 
ANTI-TORQUE ROTORS 
Helicopters are of either of the single-rotor or the 
multiple-rotor type, with the latter classification in-
cluding tandem, side-by-side, co-axial and intermeshing 
rotor arrangements. The multiple rotor vehicles are char-
acterized by the lack of a counter-torque being developed 
by the fuselage because of the opposite rotation of the 
main rotors. The single rotor, on the other hand, develops 
an equal and opposite torque in the fuselage as compared to 
the rotor, provided that the rotor powering source is in 
the fuselage and not mounted on the rotor blades. Rotor tip 
engines do not produce a fuselage torque <except for 
frictional effects) when there is free movement between the 
rotor shaft and the fuselage. 
The counter-balancing 
copter is usually provided 
torque · on a single rotor heli-
by an anti-torque tail rotor 
which is . directly driven by the main engine system so that 
the output of the anti-torque tail rotor shaft follows the 
power of the main rotor. 
With the small permissible center of gravity travel in 
a helicopter, the anti-torque tail rotor is effectively a 
fixed distance from the center of gravity location, and the 
torque developed by the anti-tocque tail rotor thrust is 
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equal to the product of the thrust and the tail length, 
Qtr = Ttr·itr = Q = P/n (S-1) 
where the subscript tr refers to the tail rotor and is 
the distance from the center of tail rotor thrust to the 
center of gravity. 
From Equation CS-1>, the thrust required of the anti-
torque tail rotor is, 
P/fl 
Ttr = itr (5-2) 
As with the main rotor, the power required to drive 
the anti-torque tail rotor and produce tail thrust can be 
obtained as induced and profile power. It is to be noted 
that the inclination of the axis (shaft) of the tail rotor 
affects the power requirements, in that with the axis 
tilted forward the flow from the main rotor tends to drive 
the tail rotor. This decreases the induced power require-
ments of the this rotor, but increases the profile power 
requirem~nts. Tilting the rotor aft reverses this trend. 
These rotors may also be mounted in a tilt from the ver-
tical. For the purpose of . these presentations, it will be 
considered that the anti-torque tail rotor shaft is normal 
to the fore-and-aft axis of the helicopter. 
ANTI-TORQUE POWER IN HOVER 
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for the anti-torque rotor is developed from its induced 
velocity. As with the main rotor, the induced velocity is a 
function of the thrust, density and area, as shown by, 
v. = {Tt /2pAtr}~ = i/n 2 ! } ~ (S-3) 1 tr r tr P tr 
and the induced power required for the anti-torque rotor 
is, 
1 ~ 1 Pi = Ttr·vi ·e;- = {Ttr/2 PAtr} •TtrP:-
tr tr tr tr 
(S-4) 
The Tip Loss Factor for the tail rotor, Btr , is 
computed in the same manner as with the main rotor, using 
the Coefficient of Thrust and the number of blades of the 
tail rotor. 
The profile power requirement, using Blade Element 
Theory, is, 
P = ..l a Cd p 0 tr 8 o 
A (nR) 31 
tr 
(5-5) 
where each term on the right hand side refers to the tail 
rotor. 
The total power required for a tail anti-torque rotor 
for a helicopter in hover is, therefore, 






As with the main rotor, the induced velocity required 
to produce the balancing thrust in forward flight is re-
duced due to the increase in mass flow rate through the 
anti-torque tail rotor. In addition, the tail rotor thrust, 
which is a direct fu nction of the main rotor power, will 
vary with forward velocity in the same ratio as does the 
main rotor power. If the pl ane of the anti-torque rotor is 
parallel to the path of flight , the induced velocity of 
this rotor in forward flight is, 
[ 
vf2 vf2 Pf l ~ 
v. = --2-+ {C-2->2+ C-p>2•v . ,.} 
1 tr 1 tr · 
(5-7) 
where the subscript f refers to the forward flight con-
dition. 
The terms P and vi i n Equation CS-7> are the values 
tr 
for hover and are related to Equations (5-2) and {5-3), 
v. = P/2pAt tt Q (5-8) itr r r mr 
so that Equation (5-7) may be written as, 
v. 
1 tr 
= ( _ v~2 v 2 pf } ~ 2 ) ~ 
+ {(+-) 2 + 2 Atrttrarnr (5-9) 
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provides a non-dimensional relationship, 
v. c 
1
tr = [- ~ + {(JJ 2 )2 + (Pf A•R )}~]Is 
-rur 2 T 2"" Atr1tr (5-10) 
where, 
C = P/pA(QR) 3 1 vf and µ = nR 
Pf f 
The induced power required of the tail rotor is, as 
with the main rotor, 
P. = Tt •v. 1 f r 1 t tr r 
P •v. 
- -n l. 
- R.tr ftr 
( 5-11) 
The profile power required for the tail rotor in for-
ward flight is, 
P =.Lac p A (QR) 3 ( 1 + 4 • 3 µ 2 ) I 
of e d 




p = . p ( 1 + 4 Ju 2 ) ( S'lR) 2 
of otr • (nR)2 tr tr 
(5-13) 
and the total power required for the anti-torque tail rotor 
in forward flight is, 
p 
f tr 
= P. + p l. • 0 
f tr ftr 
= pi 
f tr 
2 (QR) 2 
+ P0 (1 + 4.3µ )(QR) (5-14) tr ~r 
Since JJ = 0 for hover, Equation (5-14> may be used for 
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all velocities from hover to Vmax· 
Figure 1 shows a typical plot of the anti-torque tail 
rotor power as a function (percentage> of the main rotor 
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Figure 1 
velocity and note also that, although there is an increase 
in the tail power fraction after a minimum is reached, the 
gradient of the tai l rotor power at t he higher velocities 
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power. Even though the tail rotor power is a function of 
the main rotor power, it does not follow directly due to 
the effects of the forward velocity on the induced velocity 
of the tail rotor. 
VERTICAL STABILIZER 
It should also be noted that the information pre-
viously developed is based on the anti-torque tail rotor 
providing all of the anti-torque force. As the forward 
velocity of the helicopter increases, the tail structure 
which ~y, and usually does, include some form of vertical 
stabilizer, provides a significant amount of directional 
stabili~y, thereby significantly reducing the required 
contribution from the tail rotor. In fact, many helicopters 
at the upper velocities in forward flight, unload the tail 
rotor completely due to the fact that the vertical stabil-
izer is providing all of the anti-torque force. A military 
specification used by one of the Armed Services calls for 
the abil~ty to make an 80 knot "run on" landing with no 
tail rotor. This means that the vertical stabilizer must 
have sufficient aerodynamic .lift at 80 knots to balance the 
main rotor torque • 
If sufficient lift is generated by the vertical 
stabilizer at 80 knots, above that velocity the stabilizer 
will generate too much lift and this force must be balanced 
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by reversed rudders. 
The vertical stabilizer may be mou n ted above the tail 
boom <ventral), below the boom (dorsal>, or it may be both 
above and below the boom. The usual overriding considera-
tion is tail rotor clearance with the ground, particularly 
when nose-up, as in autorotation landings. 
The typical vertical stabilizer is swept aft. This 
permits the tail rotor shaft to be a maximum distance from 
the main rotor shaft while maintaining the attachment of 
the stabilizer to the aft fuselage or boom as close as 
possible to the center of gravity for structural strength. 
The sweep angle is generally between 40 and 45 degrees, 
with many of the helicopters having a 42 degree sweep, 
probably due to the fact that in early helicopter designs, 
a 42 degree gear box was commercially available for use 
with the tail rotor. 
The airfoil of the vertical stabilizer may be either 
symmetri.cal or cambered. The u. S. Army's Huey-Cobra is an 
example of the use of a large camber in the vertical 
stabilizer. 
Lift of the vertical stabilizer may be computed in the 
traditional manner, but theoretical comput~tions are com-
plicated by the fact that the vertical stabilizer is in the 
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SIDE FORCES 
An additional problem that arises from using an anti-
torque tail rotor on a single-engine helicopter is that the 
thrust developed by the tail rotor to provide the 
anti-torque component also produces a sideforce, as shown 








This force may be balanced by tilting the main rotor 
thrust vector to the left, as shown in Figure 2b. 
Tilting the main rotor thrust vector to the left re-
duces the vertical component and requires an additional 
induced power increment to once again balance the weight. 
It pas been the custom with some helicopters to either 
off-set the rotor shaft or off-set the cyclic control so as 
to provide this balance a~ some desired forward velocity 
without the necessity for the pilot to input a cyclic con-
trol. This is fine at the chosen flight condition, but at 
off-design velocities, the tilted vector produces unwanted 
sideways forces. Helicopters with skewed mast axis or 
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built-in cyclic have a tendency to reinforce the gyroscopic 
forces at touchdown and to roll over. It is to be noted 
that due to the direction of the off-set of the main rotor 
thrust, this tip over would tend to be to the left, which 
may explain why the pilot-in-command in U. S. helicopters 
sit on the right side, where egress is easier! 
Because of the vertical tail structure which is used 
for the support of the tail rotor system, and which may be 
enlarged to provide additional aerodynamic directional 
stabili~y at the higher velocities, the tail rotor flow 
usually experiences some degree of blockage. With the main 
rotor turning in a counter-clockwise direction, as viewed 
from above, the anti-torque tail rotor thrust must be to 
the right. If the tail rotor is mounted on the left side, 
as shown in Figure 2, the vertical tail blockage is on the 
inlet side of the tail flow, i.,e., flow direction opposite 
of the thrust direction. If the tail rotor is mounted on 
the right, side of the tail structure, the flow blockage is 
on the exit side of the flow. Various manufacturers locate 
the tail rotor on one side or the other so as to optimize 
the tail rotor efficiency. 
Some helicopters have the tail rotor located within 
the vertical tail so that the blockage is minimized. This 
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rotor act as a .ducted fan, but imposes the problem of 
having a satisfactory structure for the support of the tail 
rotor and its drive train. 
All single rotor helicopters have a mechanical drive 
train from the gear box to the tail rotor. This necessi-
tates bearings and universal joints in the drive shaft to 
transmit the power to the tail rotor. 
There has been experimentation with various systems 
for operatng single-rotor helicopters without an anti-
torque roto. One of these methods, the Hughes NOTAR system, 
uses the lift produced by circulation about a tail cone to 
provide the anti-torque thrust. This system does not 
completely eliminate the requirement for additional 'tail' 
power inasmuch as a fan is employed to augument the flow. 
ANTI-TORQUE ROTOR CONTROL 
The thrust of the anti-torque tail rotor is directly 
related to the power of the main rotor, and, although the 
anti-torque tail rotor is directly driven from the main 
rotor transmission system, the thrust is separately con-
trolled. As with the main rotor, the thrust of the anti-
torque tail rotor is changed by a collective change of the 
tail rotor blade pitch angles. A coupling between the main 
rotor collective and the tail rotor, sometimes called a 
collective-yaw coupler, provides a signal to the tail rotor 
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in order that the tail rotor may obtain and maintain a 
pitch setting that will provide the anti-torque thrust. 
If it is desired to change the heading of a single-
rotor helicopter, this may be accomplished by changing the 
pitch of the tail rotor blades. Increasing the tail rotor 
thrust above that required for anti-torque stability will 
result in the nose of the helicopter moving to the left. 
Reducing the thrust will cause the nose of the helicopter 
to move to the right. This directional control is accom-
plishe~ through rudder pedals. Displacement of a rudder 
pedal causes a movement of the tail rotor collective 
control. 
Loss of the anti-torque rotor in flight will result in 
a sudden yaw to the right. This motion may be stopped if 
the helicopter immediately enters into autorotation. There 
have also been demonstrations of .countering the loss of the 
anti-torque rotor by rolling and skidding the helicopter in 
order to. develop anti-torque forces. 
MULTIPLE ROTORS 
A helicopter with multiple rotors has the rotors 
therefore, does not 
With two rotors in 
profile power and 
turning in opposite directions, and, 
require a separate anti-torque ·system. 
tandem, co-axial, or side-by-side, t he 
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same manner as with the single rotor system, and the same 
formulae may be used in determining these power portions. 
The induced power, however, requires a special treatment 
due to the interference effects of the two rotors. 
Inasmuch as the usual configuration for United States 
multiple rotor systems is that of tandem rotors, this will 
be receive the primary consideration. Co-axial 






The effective area of the two rotor discs, Ae , is 
computed on the basis of the effective blade length, B•R, 
and accounts for any overlapping of the blade ~reas. Figure 
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3 shows a determination of the actual total area, including 
the overlap area, A2 , which is to be counted only once. 
A = (A + A + A ) 
l 2 l 
(S-15) 
The effective area may be determined from Equation 
<S-15) in which each of the listed areas, A
1
, A 2 , and A 3 , 
is the effective area after considering tip loss. 
MULTIPLE ROTORS IN HOVER 
In hover, the induced power required is expressed as 
the induced power required for hover for a single rotor 
with effective area Ae times a correction factor, 
p. = T• [ T l ~ l. 2A •K 
e 
where K is the Tandem Rotor Interference Factor. 
K = 
c -QT CQ 
___q = 









C Q = Total torque coe~f icient for the tandem system 
·T 
c = Qo 
c = Qs 
6C = Q 
Profile torque coefficient for a single rotor 
Total torque coefficient for easch single rotor 
Increase in tandem torque coe fficient over the 
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and Co. =Induced ' torque coefficient for a single rotor 
l. 
For a tandem system with a rotor shaft spacing of S 
1 I 
as shown in Figure 3, and a common rotor radius of R, the 
rotor shaft spacing ratio, 
s 













~ I is given as, 
(5-18) 






11.• l .I ••• 2 
.. 
Figure 4 
The Tandem Rotor Interference Factor may be approxi-
mated as, 
K = 1.46 - 0.253 SR ( 5-19) 
A plot of Equation (5-19> is shown in Figure 4. 
For ideal rotors with parabolic disc loading, the 
factor K from Equation (5-19) tends to be too high, and for 
theoretical rotors with uniform loading, the factor tends 
to be too low. For real-life rotors, however, this factor 
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provides a very close approximation. 
It may be seen that the induced power for tandem 
rotors is more than that for two isolated rotors. This is 
shown in Table I, where K is the ratio of the induced power 
required of the tandem rotors to the induced power required 
for two similar, isolated rotors. 
TABLE I 
INDUCED POWER RELATIONSHIP 
SR K 
1.0 1. 21 
0.8 1.26 
0.6 1.31 
O* 1. 43 
* This is the approximate value for a co-axial system 
MULTIPLE ROTORS IN FORWARD FLIGHT 
In forward flight, the wake from the forward rotor is 
skewed before it strikes the aft rotor and the angle of 
this skewing is calculated from, 
irl.STfl 
y = tan 2pAf V 
where~ 
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At = Area of forward rotor, ft 
V = Forward velocity, ft/sec 
An induced power correction factor, df , is obtained 
from the shaft spacing ratio and the wake angle for use in 
making a forward flight correction to the induced power 
required. This induced power correction factor is given as, 
d = f 11 + S 2•(1 + s 2 sin2 y) R R 
( 5-21) 
An . additional correction factor for forward flight 
with tandem rotors is then expressed as, 
df 
Ku= 1 + T ( 5-22) 
The induced power interference factor, K , due to the 
u 
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different spacing ratios. 
From Figure 5 it may be observed that for wake skew 
angles between zero and ten degrees, the forward flight 
correction factor, Ku , is of the order of 1.9. This means 
that there is an increase in the induced power required for 
the tandem system in forward flight over that for a single 
rotor of approximately ninety percent. 
Another approach to the forward flight correction 
factor may be obtained from Momentum Theory by solving the 
equation, 
A V 
I{ 4 + (~)2•(__i)•K 2 ""1 
u Ae vh u 
(5-22) 
where, 
vh = Induced velocity in Hover of the effective area, 
from CT/2 A >~ 
e 
A = Effective area based on Tip Loss Factor and 
e 
accounting for overlap of the rotors. 
A = The effective vertical area, as shown in Figure 
v 
,6, equal to the area of a single rotor plus the 
vertical gap area. 
The actual variation o~ Ku with forward velocity is 
difficult to determine because it varies with the geometry 
of the aircraft. Pilot techniques, such as flying in a 
sideslip, may be used to reduce the tandem r.otor penalty in 
forward flight. The sideslip changf'?s th~ flow pattern so 
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that the interference is reduced, and as long as the side-
slip does not add an even greater penalty due to the para-












Equation (4-16), corrected for forward flight by 
multiplying by Equation (4-22), gives an induced power 
required .in forward flight for tandem rotor systems as, 
P . = T
3
h/(2pA )Js•K•I< (5-24) 
i e u 
PROBLEM 
A tandem rotor system helicopter has rotors with a 
blade radius of 29.55 feet, an overlap of 9.97 feet, a 
distance between the rotor shafts of 39.17 feet, a gross 
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weight of 28,000 pounds and a Tip Loss factor of 0.98. The 
forward velocity is 20 knots (33.8 feet per second}. 
From Equation <5-18), the shaft spacing ratio is, 
SR 
s 
- 1 - 39.17 -
- If - 29.55 - 1.33 
The wake skew angle is computed from Equation (5-20) as, 
-1 ( 1.5• (Js-28,000) ) 
Y = tan 2•0.0023769·~·29.55 2 •33.8 2 
From the above equations, it is found that y = 54.65° . 
Using these values for SR and Y , it is determined from 
Equation (5-21> that the power correction factor is, 
d = 11 + 1.332 + 1.33 cos 54.65° = 0.67 
f 11 + 1.332 (1 +l.33 2·sin2 54.65°) 
From the power corrections factor, df' it can be 
determined that the forward flight correction factor, Ku, 
is, 
d 
K = l + _!_ = 1 + 0 · 67 = 1.34 
u . 2 2 
With a value of SRof 1.33, from Equation (5-19), the 
hover induced power factor, K, is 
K = 1.46 - 0.253•SR = 1.46 - (0.253•1.33) = 1.12 
It is now required that the effective area of the 
tandem rotors be obtained by finding the effective area of 
162 
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each rotor, and then subtracting the overlapped area. For 
one rotor with a radius of 29.55 feet and a Tip Loss Factor 
of 0.98, the effective radius of each rotor is, 
Re= B•R = 0.98•29.55 = 28.96 feet 
The area of the overlapped area may be obtained from 
the trigonometry of Figure 7, 
a b c 
Figure 7 
The area of the total segment of the circle, Figure 
7b, is ~95 feet 2 , and the area of the triangular portion, 
·Figure 7c, is 418 ·feet 2 • The effective area of the over-
lapped portion is twice the _circular arc segment, or, 
Ae' = (695 - 418> ·2 = 553.5 feet 2 
and the total effective area is twice the effective area of 
each disc minus the overlapped area, or, 
Ae = C 2•ir•28.96 2 ) - 553.5 = 4719.l feet 2 
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In hover, the · induced power required, for the tandem 
system,from Equation (5-16), 
P . = {T 34/(2pA )~} •K 
1 h le 
= (28,000) h/(2•0 . 0023769•4716.l}~•l.12 
= 1,108,263.7 foot-pounds/second 
= 2,015 horsepower 
In forward flight, at 20 knots, the induced power 
required, for the tandem system, from Equation (5-24), 
P. = 2,015•1.34 = 2,700 HP 
l.f 
The profile power and the parasite power for this 
tandem system are determined in the same manner as for a 
single rotor system. 
If a 28,000 pound, single rotor helicopter were sup-
ported in Hover by an induced power of 2,015 horsepower, it 
would require rotors with an effective radius of 34.6 feet 
<for the same tip loss factor>, and an actual radius of 
34.6 feet. This is an increase in radius of 5 . 65 feet and 
in diameter of 11.3 feet, approximately a 20 percent in-
crease in the linear dimension. This might not appear to be 
excessive, but recall that if this larger rotor were to 
turn at the same rotational velocity, the tip velocity 
would also increase by 20 percent. The cubic function of 
the tip velocity in the profile power term would result in 
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PROBLEM SET FIVE 
1. For the following helicopter: 
w = 15,000 lb n = 28 rad/sec t - 25 tr ft 
f = 36 ft 2 f Ca = 0.012 c = 1.1 ft 0 
b = 4 Ca = 0.010 Rtr = 4. 0 ft 
0 tr 
R = 25 ft ntr = 100 rad/sec ctr = 0. 5 ft 
Alt= 2,500 ft btr = 2 
What is the tail rotor power required to hover? 
2. ·For the helicopter of Problem fl, what is the tail rotor 
power required at a forward velocity of 20 knots? 
3. What is the tail rotor power required at a forward vel-
ocity of 50 knots? 
4. What is the change in tail rotor power required if the 
altitude is increased from 2,500 feet to 7,500 feet? 
5. What is the change in total power required for this al-
titude change? 
6. A tandem rotor helicopter has rotors of 25 foot radius. 
The rotor masts are 20 feet apart . What is the ratio of 
induced power . for hover for a single rotor as compared to 
the induced power for the tandem rotor? 
7. The power correction factor in forward flight has been 
165 
HELICOPTER PERFORMANCE 
determined to be 0 . 56. What is the value of the induced 
power interference factor? 
8. The induced power in hover, based on a single rotor with 
the same effective disc area , is 2,000 horsepower. Based on 
the material from Problems 16 and t7. what is the induced 
power in hover for the tandem helicopter? 
9. For the same helicopter, what is the induced power re-
quired at a forward velocity where the power correction 
factor is 0.56? 
10. For a wake skew angle of 40 degrees and a rotor spacing 
ratio of 1.6, what is the induced power interference factor 






In each of the flight conditions that have been pre-
sented, engine power has been used to drive the rotor 
against the aerodynamic forces. If the engine power were 
not available to apply torque to the main rotor, the rota-
tional speed of the rotor could not be maintained. However, 
under certain descent conditions, the lifting rotor can be 
driven in rotation and the rotational speed self-main-
tained, i.e., autorotated, by the aerodynamic forces on the 
rotor in a manner not too dissimilar from that of a fixed-
wing airplane descending in a spin. 
Because the autorotative flight provides a means for 
safe descent without power, this feature is required in all 
United States military and civil helicopters, including 
multi-engine models. The autorotative descent can also be 
used as a means for rapid descent, even if the engine power 
is still available. Such a descen~ may be performed, for 
example, in case of an in-flight fire. 
In order to remove the unwanted resistance of the 
engine during autorotation, the engine must be decoupled 
from the transmission by mechanical or automatic means. The 
latter includes the use of free-spooling turbines on the 
turbo-shaft powered helicopters. 
Since directional stability i~ still desired in the 
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autorotative descent, the transmission is usually left 
coupled to t he rotor so that the main rotor can drive the 
anti-torque rotor in the single rotor helicopter. 
In the discussions of the powered rotor it was shown 
that the resultant aerodynamic force had components in the 
lift, i.e., thrust, and drag, i.e . , torque, direction. If, 
however, the resultant force is tilted forward of the 
vertical, the torque force will reverse its direction and 
act to continue the rotation of the rotor. In other words, 
the rotor is driven by the aerodynamic forces that occur 






In autorotation, as shown in Figure 1 , the airflow, u, 




rather than being downward as in powered flight. 
Although the profile drag force on the element, dD, is 
still pointed aft in autorotation, the element resultant 
force, dR, is tilted forward of the vertical, and when this 
resultant is divided into the vertical, i.e., anti-weight, 
and horizontal components, the horizontal force, dQ, points 
forward, as shown in Figure 2, to drive the rotor. 
·-· 
Figure 2 
In autorotation, the rotational velocity of the rotor 
tends to increase with a decrease in rotor collective pitch 
and/or increase in translational velocity. When engine 
power is lost, the rotational velocity decays very rapidly. 
If the rotor speed becomes too low, it is impossible to 
obtain enough positive torquing force to turn the rotors at 
the velocity required to dev~lop enough thrust to cushion 
the descent. As a result, t h~ collective must be ;mmed-
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iately lowered to the autorotation setting upon the loss of 
power. 
Even with a quick recognition of the power loss and a 
quick reaction in lowering the collective, the helicopter 
at low forward speeds will descend rapidly until a stabil-
ized thrust condition can be attained. At low altitudes, 
the helicopter may well strike the ground before autoro-
ta ti ve descent can be entered. If the helicopter is very 
close to the ground, say 10 to 20 feet, the rate of descent 
may be small enough to be within the structural limits of 
the wheels/skids. But at higher altitudes at low velocity, 
the rate of descent may be so great that even with con-
verting the rate of descent energy to forward flight 
energy, called a 'flare•, the helicopter may strike the 
ground at higher than the design limits of rate of descent. 
For this reason, there exists a danger zone, region A 
in Figure 3, at low velocities at which flight is not 
recommended. In this region the helicopter has primarily 
potential energy due to its height, and its kinetic energy 
due to translation is minimal. 
This curve may extend out to a ve l ocity of twenty five 
to thirty knots at intermediate heights, and to altitudes 











In order to effect a safe landing, the pilot will 
usually convert the autorotative power of the rotor to 
execute a flare approach. thereby increasing the thrust at 
the expense of rotational velocity. This aids in cushioning 
the landing. At higher velocities, the pilot may elect to 
convert some of the kinetic energy due to forward velocity 
to potential energy of altitude by 'zooming' the helicopter 
to a higher altitude at the expense of forward speed. This 
increase in altitude permits more time in establishing an 
autorotative descent, and may still leave the pilot with 
enough energy to execute a flare to a touchdown. 
But even at the higher forward velocities at very low 
altitudes, the initial altitude loss coupled with the time 
required to establish a stabilized autorotation and the 
time required · to execute a flare, may not permit a aatis-
factory autorotative descent. As a r~sult, an additional 
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danger area, region B in Figure 3, is established. 
The exact boundaries o f these regions are difficult to 
define inasmuch as they depend a great deal on pilot tech-
nique. As 
servative, 
a result, the handbook curves are 
which adds to the safety but which 
usually con-
reduces the 
operational envelope. Particularly in single engine heli-
copters, the initial climb-out zone, between regions A and 
B, is rather narrow, and the pilots in these vehicles, 
always alert to the possibility of e ngine failure, must 
exercise extreme cauti on so as not to place the vehicle in 
a danger area. 
Within the ranges of autorotative pitch settings, the 
autorotation descent is somewhat self-stabilizing. If the 
rotational speed of the rotors is too low, the thrust will 
be decreased, and the vehicle will begin to descend more 
rapidly. This increase in descent velocity increase the 
upward flow, U in Figure 1, which, for a given pitch 
setting, a , increases the angle of attack, a • This 
' 
increased angle of attack results in both an increase in 
the size of the resultant vector, dR, and a more forward 
tilt of this vector. The change in resultant size and di-
rection produces an additional torquing force which returns 
the rotational velocity of the rotors to the desired value. 
tn a s i mi l~r manner, if the r otational •1~locity is too 
l 7 "~ 
' 
' . I 
It 
AUTOROTATION 
fast, the local angle of attack is reduced. Ca. = ip = constant 
and <t> = arctan u/nR). The reduction in the local angle of 
attack causes the resultant vector to decrease in size and 
to tilt further aft, thereby decreasing the torquing force 
·and slowing the rotational velocity of the rotor to its 
atabilized value. 
VERTICAL AUTOROTATION DESCENT VELOCITY 
















If U is small as compared to nR, the normal case, the 
resultant velocity, V , is approximately equal to the ro-
r 
tational velocity and, 
c 
q = ~ P cna>2 = ~ P u2 c..J:.>2 
Cd 
(6-4) 
Providing · that <t> is small, the element lift and the 




dT = dL = q c s = ~ p U2 (~) 2 c c dr 1 Cd 1 ( 6-5) 
which, when integrated from the zero radius to the tip for 
b number of blades, provides, 
c 3 
T = w = ~ b c p U2 <cL2> R 
D 
(6-6) 
Solving Equation (6-6)for the average axial velocity 
through the rotor, 
u = [ 
2 W CL ) 1l 
b c p R <c0 > 
(6-7) 
The value of the i nflow velocity from Equation <6-7) 
may be substituted into the non-dimensional coefficient, F, 
from Equation <3-10) of Chapter Three, and by using the 
value of solidity, a = bc/wR, 
F = w 
- (CL 3 /CD 2) 
- 4 ( 6-8) 2 p A U 
Equation {6-8) may now be used to define the non-
dimensional coefficient f from Chapter Three. It has 
previously been stated that if F has a value between zero 
and one, momentum theory may. be applied, and if F is larger 
than one, the rotor is in the Turbulent Windmill Brake 
State or in the Vortex Ring State, and the Glauert equation 
must be used. The latter, when solved for f, provides an 







f = 1 (0 < F < 1) { 6-9) (1 + F) 2 
and, 
f = ( 2F - v' JF) (F > 1) (6-10) 
(4F2 - 3) 
Once f has been determined, the descent velocity may 
be obtained from the definition of f, 
[ w l lis Vv = - 2pA r J (Negative because of descent) ( 6-11) 
The descent velocity is a function of f, which, in 
turn, is a function of F. F is seen from Equation (6-8) to 
be a function of CL 3/C 0
2
• The descent velocity is a minimum 
when f is a maximum, Equation (6-11>, and this occurs when 
F is a maximum, Equation (6-9) for F < 1. Thus it is to be 
seen that the descent velocity is a minimum when the ratio 
of the cube of the lift coefficient to the square of the 
drag coefficient (or lift coefficient to the three-halves 
power to drag coefficient) is a maximum. This condition 
exists when the induced drag coefficient, Ca. , is three 
1 
times the profile drag coefficient, Ca • 
. 0 
In the previous discussions, only the average value of 
the profile drag coefficient has been used, and the induced 
drag coefficient has been included implicitly in the 
induced power computations. Now it is necessary to use the 
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entire drag coefficient, averaged along the rotor blades, 
CD = ca. + Ca + K CL 2 + Ca (6-12) 
1 0 l 0 
If one assumes a parabolic drag polar for simplifica-
tion, and with the base that the profile drag coefficient 
is a constant, Equation ( 6-12> may be rewritten as, 
C = K C 2 + K D 1 L 2 
( 6-13) 
For a minimum rate of descent 3 /2 at (CL /Cc> max ' 
Equation (6-13) is solved for the lift coefficient, 
C 2 = 3 K /K L 2 i 
(6-14) 
This value of lift coefficient is substituted into 
Equation (6-13) to obtain the total drag coefficient at the 
3 
minimum descent point of CL /z /C 0 , t h is ratio of lift to max 
drag is determined and used in Equation (6-8) to obtain F. 
The value of f may then be obtained from Equation (6-9) and 
the minimum descent velocity from Equation C6-ll). 
Another approach to the determination of minimum 
descent velocity in autorotation is to consider that the 
Torque Coefficient for an ideal rotor is equal to zero in 
un-powered descent , using non-dimensionalized descent and 
induce~ velocities, for the total flow through the rotor, 




VD = velocity of descent divided by the induced 
velocity in Hover. 
v' = induced velocity in descent divided by the 
induced velocity in Hover. 
An average value of the non-dimensional velocity of 
descent is about 2.0, so that the minimum velocity in 
descent is approximately twice the induced velocity in 
Hover. As a result, an approximate solution of Equation 
(6-15) at sea level may be made as, 
v D :: 1, 740 I W/A ft/min (6-16) 
where the weight, w, is in pounds. 
Equation (6-16) is also a good approximation for the 
rate of descent of a parachute. 
FORWARD AUTOROTATIVE DESCENT 
Previous discussions have been restri cted to vertical 
autorotative descent. However, due to the "translational 
lift" effects of forward flight, it is possible to descend 
at a slower rate than that of vertical descent. 
Although the solution for the velocities for minimum 
autorotative descent is somewhat complex, the parameters 
may be approximated, to a fair iegree of accuracy, in the 
manner of Saunders, as, 
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Vf(min ROD)= 0.00867.R.RPM (6-17) 
V ~ = 0. 251 •R .,RPM 
v (min ROD) (6-18) 
d(h l'd )= h/tan y (6-19) 
_ or g i e 
y = arcsin (Vf/Vv101.3) (6-20) 
where; 
Vf ( , ) = forward autorotative flight velocity for 
min ROD 
minimum autorotat i ve descent (kts) 
V ( . ) = Vertical autorotative velocity (ft/min> 
v min ROD 
at the forward autorotative flight 
velocity for minimum autorotative 
descent. 
RPM = Main rotor rotationa l speed (rev/min> 
d(h 1 . d )=horizontal distance covered over the or g J: e 
ground (ft) at the forward autotative 
velocity for minimum autorotative 
descent. 
h = height of rotor system above the ground 
(ft) 
y = Descent angle for minimum descent rate 
(deg) 
PROBLEM 
For t he Basic Helicopter, find the values for minimum 
autorotative descent in forward f l ight from a height of 
2, 000 feet. 
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From Equation (6-17), 
Vf(min ROD) = 0.00867"26.8•(27"9.5) = 59.6 kts 
From Equation (6-18), 
Vv(min ROD) = 0.251•26.8•(27•9.5) = 1,180 ft/min 
From Equation (6-20), 
Y = arc sin <1,180/101.3 /59.6) = 11.3° 
From Equation (6-19>, 
d(hor glide)= 2,000/ tan 11.3° = 10,009 ft 
In the earlier determination of rate of descent based 
on the values of lift and drag coefficients, average values 
must be used because the local values vary due to local 
variations in angles of attack. These vary because of the 
distribution of rotational velocity and the variation in 
induced velocity. 
As a result, the section nearest the hub tends to be 
in a stalled or near-stall condition during autorotation. 
The next outboard section is producing the 'driving' force 
in the plane of rotation, i.e., windmilling, the next outer 
section is in autorotation,_ i.e., providing the thrust, and 
the tip section is providing dragging forces in the plane 
of rotation, adsorbing the power made available by the 
' inboard section. A graphic representation of this is shown 







To obtain a feel for the physics of autorotation, 
consider the analogy of a turbo-shaft engine. The com-
presser section compresses the air , the burner section 
expands the air and the turbine section is driven by the 
expanded air. The turbine section generates enough power 
not only to drive whatever is attached to its output shaft, 
but it also drives the compressor. 
Now consider this engine rotated ninety degrees and 
descending. The flow due to descent, together with the 
energy imparted by the compressor section may be suffic i ent 
to power the turbine without a burner section. The turbine 
section once again drives its ou tpu t , at a reduced power, 
and also rotates the compresso r s e c t ion. Let us now further 
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modify this engine so that the turbine blades are mounted 
as an extension of the compressor blades, i.e., a single 
blade providing both the compressor and the turbine func-
tions. This is the helicopter situtation in autorotative 
descent, 
PROBLEM SET SIX 
1. At what value of profile drag does a helicopter have its 
minimum rate of vertical autorotative descent? 
2. What is the relationship between the lift coefficient 
and the drag coefficient at the minimum rate of descent? 
3. What is the approximate minimum rate of v~rtical 
autorotative descent for a 15,000 pound helicopter at sea 
level? 
4. For the following helicopter: 
w = 15,000 lb Alt = sea level 
R = 25 ft Co= 0.022 + 0.080 CL 2 
c = 1.1 ft n = 28 rad/sec 
b = 4 
What is the minimum rate of autorotative descent? 
5. For the same helicopter as in Problem #5, what is the 




6. What is the effect of altitude on the rate of autorota-
tive descent? 
7. Is the average blade angle of attack negative in an 
autorotation? Why? 
8. A coumpound helicopter has a propulsion engine in 
additio.n to its rotor power engine. Explai n how this heli-
copter might fly level and even climb if the rotor power 
engine quits. 
9. In a stabilized rate of autorotative descent, i.e., a 
consta~t descent velocity, what is the relationship between 
the thrust developed and the weight of t he helicopter? 
10. What are the effects of weight and altitude on the 
velocity for minimum descent autorotation? 
1 8 } 
CHAPTER SEVEN 
RANGE AND ENDORANCB 
From the basic equations for the coefficient of thrust 
and the coefficient of power, one can derive a "standard-
ized" equation based on the standard atmospheric density 
ratio, £ 1 and rotor rotational velocity, N, RPM, as 






crp = P 
- 0 
(cr is used as Density Ratio and o as Solidity) 
since 
cr = o/e and QR - lTR 
- 30 N 
Equation <7-1> may be rewritten as, 
c = Wl'.o T 
p A (rrR)2 (E..) 2 
0 30 v'e 
(7- 2) 
In a similar manner, one can write the coefficient of 
power as, 
c = sso (30) 
p 
P AlT 3 R 3 
0 
[





The physical significance of Equations <7-2) and (7-3) 
lies in the variation of power available with altitude, a 
function of (o~>, and the effects of Mach number on the 
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tip velocity, wh~re the speed of sound, a, at a l t itude is 
related to the speed of sound at sea level, ao, by a = a re 0 
In general, the relationship b~tween fuel flow in 
pounds per hour and Shaft Horsepower for a turbo-shaft 
helicopter is fairly linear, except at the lower values of 
Shaft Horsepower. If the linear portion is extrapolated to 
zero power, the specific fuel flow may be approximated as a 
A A 
line of slope B, where B is the rate of change of fuel flow 
with horsepower. This line has an intercept at zero power 
of a factor, a , times the power function ratio, o/O , as 
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PROBLEM 
Consider the use of two turbo-shaft engines with sea 
level 'Specific Fuel Consumption (SFC> (pounds of fuel per 
horsepower per hour> and Shaft Horsepower output CSHP) 
characteristics as shown in Table I: 
TABLE I 
ENGINE CHARACTERISTICS 
POWER SETTING SFC SHP 
Maximum Power .615 2,500 
Normal Power .622 2,200 
Cruise Power .678 1,650 
What is the slope of the Fuel Flow versus Horsepower 
" 
curve, a? 
The fuel flow, in pounds of fuel per hour, for each of 
the three power settings may be determined by multiplying 












The rate of fuel flow per horsepower <pounds per hour· 
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per horsepower) may be obtained by taking the avera9c dif-
• 
ference between values of fuel flow CWf) and dividing by 
the average difference between Shaft Horseower CSHP) for 
the same values. 
a _ 1,537.s _ lfll8.7 
- 2,soo - ,6so 
a _ 410.s 
- 8S15 
A 
B = 0.493 lb/hr/SHP 
" What is the zero horsepower intercept ( a ) at sea 
level? 
The zero horsepower intercept at sea level CH = P = O> 
" Ca ) is obtained by extrapolating the curve to zero horse-
power 
" 
a = 1,537.5 - (.05286 2,500) = 289.95 lb/hr 
What is the zero horsepower intercept at a pressure 
altitude of 4,000 feet and a temperature of 95° F? 
0 4,000 = .8636 e 950 F 7 .8838 
~(cS~ = 289.95' .8636•..' .8838 
= .240.27 lb/hr 
Except at very low values of Shaft Horsepower, the 
fuel flow, wf, for a helicopter with n number of engines 
may be expressed as, 
186 
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• 
wf = [ .nj ( 6~ + SHP l fl 
For a fixed-wing aircraft, Shaft Horsepower 
to velocity and drag by, 
SHP :::::: 
1. 69 •Vknots • Dlbs 
550 
( 7- 4) 
i3 related 
( 7-5) 
but for the turbo-shaft helicopter, where one must account 
for the fuel flow at zero Shaft Horsepower, a 'phantom' 
power factor must be used to extrapolate the fuel flow to a 
zero value . This phantom horsepower, when added to the 
normal Shaft Horsepower, then relates to an equivalent 
drag, D , which accounts for the theoretical additi~n of 
e 
power. The power-velocity-drag relationship for a turbo-
shaft helicopter may therefore be expressed as, 
(snP + ;a < 6fll) 1.69 •Vknots • Dlbs = 550 (7-6) 
PROBLEM 
What is the Phantom Horsepower for the Basic Heli-
copter using two of the engines whose characteristics are 
listed above? 





lb/hr ( 11!) 
lb/hr/SHP (Sea level case) 
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SHPP = 1,176.3 HP 
What is the Phantom Horsepower at a pressure altitude of 
4,000 feet and a temperature of 95° F? 
15 4, 000 = • 86 36 
SHP 
p(4,000/95°F) 
99S°F = .8838 
= SHP (o/6) 
P(sea Level) 
= 1,176.3• .8636·{-.-9-9-3-9 
= 955.0 HP 
It is not uncommon to use the actual Shaft Horsep9wer, 
without the phantom correction, and an adjusted equivalent 
drag figure to achieve the same purpose. 
PROBLEM 
What is the fuel flow for the basic helicopter at a 
velocity of 70 knots at sea level? 
A~ 70 knots the total power required is 1,071 HP. 
From Equation (7-4), 
,· 
• 
wf = c 2·~:;395 c1II> + 1,071)•0.493 = 1,578.7 lb/hr 
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helicopters by using ~the equivalent drag, De , and the 
specific fuel flow, a , and expression for range is then 
obtained, 
Range 325 L W0 (Nautical Miles) = -;-<o-> ln (~) 
where, 
P e 91 
L = Thrust = Weight 
w g = Initial weight 
0 
W gi = Final weight 
( 7-7) 
It may be observed from Equation (7-7) that the range 
is maximized by maximizing the ratio of lift, i.e., thrust, 
to equivalent drag, whereas, with a fixed-wing aircraft, 
the range is maximized by maximizing the ratio of lift to 
actual drag. The value of equivalent drag may be obtained 
by solving Equation (7-6) for De, 
D = 325 [ SHP + i (o/9)] 





l. 69 Vvt 




ratio of fuel weight used , wf · , to Shaft Horsepower, 
189 
HELICOPTER PERFORMANCE 
Equation(B-B)may be written as, 
_ 325 [ SHP 0
e - Vkt 
from which, 
De = 325•SHP[ 
vkt 
+ sii: n~ (o/0)] 
wf 




where the last term in the brackets is the drag correction. 
For a reciprocating engine powered fixed-wing air-
craft, where the fuel flow is approximately a direct 
function of the power required, maximum range is determined 
by drawing a tangent from the origin of the power required 
versus velocity curve to the curve, as shown in Figure 2. 
'/ 
I SHP I / l I 
• / I I 
,•· I / I 
• ·-· DC I TY 
VRNG 
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This is true because the specific range, nautical 
miles per pound of fuel, is equal to the nautical miles per 
hour, divided by the pounds of fuel used per hour. This is 
related to velocity divided by the power required, since 
the fuel flow rate is a direct function of the power re-
quired. The angle between the tangent to the curve and the 
velocity axis is the minimum ratio of power to velocity, 
which is, in turn the maximum ratio of Specific Range, 
velocity to power ratio. 
For the turbo-shaft helicopter, the Shaft Horsepower 
must be modified to account for the zero power fuel flow, 






nae sJ9>1 7 < iYt.1.DC I TY VRNG 
~ p 
:L 
Figure 3 · 
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i.e., add the phantom power, and the tangent to the curve 
is drawn from the revised origin, as shown in Figure 3. 
It is to be noted that Figure 3 is probably not to 
scale. At sea level the power function, o /8 , is equal to 
,., 
one, and the ratio of n to S is not very large when com-
pared to the Shaft Horsepower required to Hover. Especially 
at sea level, this phantom power may be small enough to not 
merit consideration, but at altitude in may become signif-
icant. 
WIND EFFECTS ON RANGE 
The effects of a head wind or tail wind on the range 
are essentially as applied for a reciprocating engine, 
fixed-wing aircraft. It is to be recalled that a tail wind 
will increase the maximum range and a head wind will de-
crease the range. The head wind or tail wind components are 
added to the velocity scale at the zero velocity axis , 
with head winds being drawn in a positive sense on the 
axis, and a tail wind being drawn in a negative sense. 
Revise~ tangent lines are drawn to the power curve from the 
revised origin points, as shown in Figure 4. 
. 
It is to be noted that the change in velocity ·for 
maximum range is considrable less than the amount of the 
head wind or tail wind, and that the maximum range velocity 







RANGE ANO ENDURANCE 




















Thus far only the effects of velocity have been con-
sidered in the range problem, but as fuel weight is 
consumed, maximum range schedules may be required using 
different alt~tudes and/or velocity. In general, as the 
weight of the vehicle is decreased as fuel is consumed, the 
velocity for maximum range decreases. At high gr9ss 
weights, the helicopter may be limited by structural con-
siderations, while at intermediate weights, the velocity 
may be limited by the maximum continuous, normal, power 
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available. Inasmuch as the ram air effects on a helicopter 
engine provide only a very small change in the power 
output, the ram effects at higher velocities are somewhat 
negligible. 
At the lower gross weights, the helicopter is usually 
neither structurally nor power limited and . it can fly at 
the velocity for maximum range without restraint. Inasmuch 
as the velocity for maximum range is at the point on the 
power versus velocity curve where L/D is a maximum, if the 
helicopter is flown at higher values of this ratio, the 
range _is reduced. Range is also reduced if the helicopter 
is flown at lower values of the lift-to-equivalent drag 
ratio than the maximum ratio. Because of the difficulties 
in maintaining exactly the point of maximum L/D , it is 
customary to list values of 'best' range rather than 
maximum range. figures. The best range figure is usually 95 
to 99 per cent of the maximum value on the high velocity 
side of the curve. At best range, an increase in the 
velocitY. will result in a decrease ip range, while a slight 
decrease in the velocity will result in a slight increase 
in the range achieved - a compensating situation. 
r 
PROBLEM 
What is the fuel flow for the basic helicopter at the 
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setting>? 
The velocity for maximum range is 149 knots. The power 
required at this speed is 1,649 HP. From Equation (7-4), 
Wf ~ [~ + SHP] a 
wf = ( 2 • 2 ~~;95 + 1,649)•.493 = 1,392.9 lb/hr 
SPECIFIC RANGE 








Inasmuch as the actual range that may be flown is a 
function of the fuel available, a term Specific Range is 
defined that includes both factors. Specific Range is the 
range in nautical miles pet pound of fuel consumed. A plot 
of Specific Range versus velocity is shown in Figure 5 for 
three different gross weight, w
9 
, conditions. Also shown 
on this figure are the structural limits and the loci of 
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maximum range, 99% maximum range, i.e., 'best' range, and 
the normal power conditions. 
WEIGHT EFFECTS ON RANGE 
It is to be observed from Equation (7-7> that the 
range is a function of the natural logarithm of the ratio 
of initial to final weight. It stands to reason that the 
heavier the helicopter is at the beginning of cruise and 
the lighter it is at the ending of cruise, the more range 
it can attain provided that the weight difference is 
fuel. For a helicopter carrying and discharging a load, the 
range problem must be computed in two steps: Ca) range up 
to the point of discharging the load, and (b) the range 






NORMAL POWER ~ 
..........._ .. ___ ..... 
-~ . 
GROS~ WEIGHT 
.t! igure b 
STRUCTURAL 
LIMIT 
Inasmuch as the Specific Range is also a function of 
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the gross weight, as shown in Figure 5, of interest is the 
maximum Specific Range for each weight condition. As the 
gross weight of the helicopter increases, as shown in 
Figure 6. 
These maxima are progressively limited by the best 
range limitations, the limitations of available normal 
power output and, finally, by the structural limit of the 
helicopter. 
ALTITUDE EFFECTS ON RANGE 
At low altitudes and up to mid-weight conditions, the 
helicopter can fly at the maximum or best range velocities 
SPECIFIC 
RANGE 








without restrictions. However, as the altitude is in-
creased, both the normal power avai lable and the structural 
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envelope decrease, thereby imposing additional limits on 
the maximum attainable and allowable airspeeds. 
At the lower gross weight conditions, an increase in 
altitude increases the range due to the improvement in the 
efficiency of the turbo-shaft engine with increased alti-
tude. This increase results from the decreased back 
pressure and the lower inlet temperatures at altitude. 
A typical plot of maximum Specific range as a function 
of gross weight is shown in Figure 7 for altitudes of sea 
level, 5,000 feet and 10,000 feet. Also shown, as the 
dotted line, is the range schedule for optimum range with 
altitude. This schedule 'fairs' the Specific Range curves. 
RANGE INDEX 
Another method of presenting range data is by the use 
of a Range Index which is based on the change in range 
(~Range) per change in gross weight (6 Weight). Such a 
plot is shown in Figure 8 for constant altitude condition. 
It is to be seen from Figure 8 that for an equivalent 
change in . weight,6 W = 6 W, i.e., t he same amount of fuel 
l 2 
consumed, the Range Index value changes , 6 R
1 
> 6 R 2 , 
r 
showing increased range (larger Range Index) at the lower 
values of gross weight. 
The curve of Figure 8 is derived from, 
1 
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A similar Range Index plot showing the effects of 
altitude is shown in Figure 9. Note here that there is a 
crossover at a mid-weight value. 
ENDURANCE 
If Breguet's Endurance equation is modified for 




/l 1 l l t .,. ~ { J?_ (2R) 2 cr}~•("'i)")·{~ - -rw-l 
hrs o P0 e a g P ""l D 
( 7-12) 
. 
The term a in Equation (7-12) referes to the solidity 
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WEIGHT EFFECTS ON ENDURANCE 
From Equation C7-12> it is seen that the endurance 
varies as the difference in the inverse of the square root 
of the final and initial gross weights. This indicated that 
the endurance is a function, not so much as how much the 
weights are, but the amount of fuel on board. A not sur-
prising assumption. 
ALTITUDE EFFECTS ON ENDURANCE .· 
The altitude effects on endurance are complicated 
inasmuch as the density ratio decreases with increasing 
altitude and the value of L 
3
/
2 /De tends to increase 
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usually a tendency for a slight increase in endurance with 
an increase in altitude for a turbo-shaft powered 
helicopter. 
As with fixed-wing propeller driven aircraft, the 
velocity for maximum endurance for turbo-shaft helicopters 
occurs at the velocity for minimum power required, as shown 
in Figure 10. Since the minimum is the minimum, regardless 
of whether or not the phantom power term is used, the 
velocity for maximum endurance, Vmax , may be read directly 
from the power-velocity curve. 













What is the fuel flo~ at the velocity for maximum 
endurance for the Basic Helicopter at sea level? 
The velocity for maximum endurance is 81 knots at a 
power required of 1,053 HP. The fuel flow, from Equation 
C7-4> is, 
• 2•289.95 
Wf = ( •493 + 1,053)• .493 = 1, 099.0 l b/hr 
Once again, because of the decay in endurance on both 
sides of the maximum endurance velocity point, handbook 
values generally list a 'Best Endurance' velocity which is 
the velocity of 95 to 99 percent maximum endurance, on the 
high velocity side of the curve. 
One additional comment about handbook values for range 
and endurance. These are usually computed and verified by 
flight test for a single helicopter with new engines. Var-
iations from the handbook values may become significant and 
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PROBLEM SET SEVEN 
1. A helicopter with an empty weight of 15,000 pounds has a 
range of 800 nautical miles when it is loaded with 10,000 
pounds of fuel. What is its range if it is loaded with but 
5,000 pounds of fuel? 
2. The endurance of the helicopter of Problem #1 is 5.5 
hours with 10,000 pounds of fuel. What is its endurance 
with 5,000 pounds of fuel. 
3. If · the ratio of lift to equivalent drag remains a 
constant, what is the effect on the range of the helicopter 
of ·Problem #1 if it cruises at 3,000 feet rather than at 
sea level? 
4. What is the ~ffect on the change in altitude of the 
Helicopter in Problem #3 on endurance? 
5. How does the change in velocity for maximum range in a 
head wind compare to the amount of the headwind? 
6. What ts the effect of a tail wind on the endurance of 
the helicopter of Problem f 2? 
.· 
7. Two identical helicopters have an empty weight of 12,000 
pounds. Helicopter A carries 5,000 pounds of fuel and 
helicopter B carries 8,000 pounds _of fuel. Both have an 
identical reserve of fuel for landing.How does the maximum 
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range of helicopter A compare to the maximum range of 
helicopter B? 
8. For the same helicopters as in Problem 17, how does 
their endurance compare? 
9. From the examples of Problems #7 and 8, does the amount 
of useable fuel carried have a greater effect on range or 
endurance? 
10. Is the thrust to drag ratio greater at the point of 






HIGH SPEED EFFECTS 
The first practical rotary wing aircraft, Juan de la 
Cierva'a Autogiro, was designed to permit slow flight 
without the danger of stalling. The growth of this machine 
into the helicopters of today has been primarily due to the 
fact that these vehicles can fly at zero airspeed, i.e., 
hover, and fly efficiently at very low airspeeds. 
However, as the operators became more familiar wi th 
their vehicles, new requirements were generated for thei r 
use that dictated flight at higher and higher velocities. 
The military helicopter gunships and attack helicopters, 
the need to transverse fairly long distances in a short 
time, as in servicing off-shore oil platforms, getting to a 
search and rescue site, et cetera, have all contributed to 
a desire to provide faster and faster helicopters. 
Such increases in velocity has not been without prob-
lems, however. One needs only to review the basic equations 
for power required to note that even though the induced 
power decreases with forward velocity, this reduction is 
far overshadowed by the increase in profile power (a func-
tion of the square of the forward velocity> and the rapid 
increase in parasite power as velocity increases (a func-
205 
HELICOPTER PERFORMANCE 
tion of the cube of t he forward velocity ) . Inasmuch as the 
parasite power tends to dominate at high velocities, more 
importance is placed on the reduction of the fuselage par-
asitic drag as measured by the Equivalent Flat Plate Area. 
are 
The equations previously developed for power 
still valid at high velocities, but these are 
required 
for the 
ideal helicopter. Two additional factors must be considered 
for an actual helicopter in this flight regieme. 
The actual performance of a fixed-wing aircraft varies 
from the ideal, as postulated by the parabolic drag polar, 
at both the low speed and at the high speed ends of the 
curve. At low speed, local stall effects dictate that the 
power (or thrust) required is greater than that pre-
dicted. In the high velocity region, there is also an 
increase in power (or thrust) required due to local super-
sonic conditions that produce Mach shocks. 
The helicopter experiences both of these variations 
from the norm, but, paradoxically, both the stall effects 
and the Mach effect occur at the same end of the power 
curve, i.e., at the higher velocity. This is due to the 
fact that as the vehicle is moving rapidly through the air/ 
the retreating blade is experiencing a decrease in net flow 
over the airfoil and must , therefore, have its angle of 
attack increased to regain the lost .lift . This increase can 
206 
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soon lead to retreating blade stall. 
At the sam~ time, the advancing blade is expariencing 
an incr.ease in net flow over the airfoil and with the high 
tip velocities developed even in a hover, local effects due 
to compressibility soon begin to be evidenced. 
Both the stall and compressibility effects produce an 
increased requirement for rotor power. The purpose of this 
discussion is to develop the increases in power required 
due to stall and compressibility. 
BLADE STALL EFFECTS 
In order to simplify the computational process, 
certain assumptions are made: 
1. Steady flow through the rotor systam. 
2. Small angle approximations are a valid represent-
ation of the real world conditions. 
3. All blades are considered to be rectangular with 
only uniform twist possible. 
4. The thrust vector is through the center of gravity 
of the helicopter. 
5. The helicopter is trimmed. All forces are in bal-
ance, all moments are zero a~d there is no lateral flapping 
of the blades. 
6. At stall on-set, the section drag coefficient in-




There are four rotor parameters that are used in later 
calculations. the first of these is the rotor advance 
ratio,µ, which is the ratio of the forward velocity of the 
helicopter to the rotational velocity of the rotor, 
µ "" 
vf cos a. 
VT 
( 8-1) 
Applying the small angle approximation, Equation CS-1> can 
l;>e reduced to, 
vf 
µ = v 
'l' 
The second dimensionless quantity 
( 8-2) 
is the inf low ratio, 
A. This is the ratio of the velocity through the rotor 
system to the tip velocity . For the near hover case where 
µ < 1, the inflow rati o can be approximated by, 
). = (C /2 ) ~ 
o T (8-3) 
In forward flight, the calculation of requires the 
determination of the angle of attack of the rotor disc. If 
the angle between disc plane and the incoming free-stream 
velocity is a , this angle is the arc tangent of the ratio 
3 
of propulsive thrust Cor propulsive drag, i:pF to the 
Weight. 
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-i [o 1] a
3 
= tan ~ (8-4) 
Assuming that the angles are small, the inflow velo-
city can be expressed as, 
A = 12.A r+-- + µ tan a 
0 µ 3 
CT ( 8-5) 
The other dimensionless parameters are those of the 
blade solidity, a, and the Tip Loss Factor, B. 
Three velocities need to be determined in order to 
obtain a solution to the blade stall power. These are the 
local downwash at the rotor, Vi, the velocity of stall on-
set, V51 and V ma» the maximum velocity of the helicopter. 
The downwash velocity, w, is the down stream downwash 
velocity. 
w = W/l2p'ITV fR ft/sec (8-6) 
The stall on-set velocity, Vs, is that forward velo-
city at · whiqh 'the retreating blade tip first exceeds the 
static stall angle. This forward velocity can be approxi-
,-
mated as the velocity for best range. This is due to the 
marked increase in profile power required at velocities 
higher than the velocity for maximum range. Inasmuch as the 
power curves for a helicopter are not initially known, 
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during design an analytical expression is required that 
will estimate the velocity for maximum range. 
If the parasite power required is set equal to the 
profile power required , 
~pffYf 3 =ta cd p A (1 + 4,3J.J 2 lv./ 
0 
(fl-7) 
and Equation (8-7) is solved for the forward flight vela-
city (remembering that this term also appears in the rotor 
advance ratio>, a cubic equation in Vf is obtained, 
vf 4 l'H ~ 4 f Cd A VTVf - 47: Cd A VT 3 = 0 
0 f 0 
(8-8) 
The largest root of Equation C8-8> needs to be deter-
mined. This may be accomplished by setting, 
4.3o C A VT a = - 4f f do 
r=-.....£_C AV 3 4f f do T 
so that Equation (8-8> may be re-written as, 




By substi~uting vf ~ ex - B/3> in Equation CS-11>, one 
can obtain an equation of the form, 
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x
3 
+ ax + b = 0 (8-12) 
where: 
~ 
3 a = 
b=2(6/3) 3 + r 
The largest root of Equation (B-12> is then given as, 
V = A+ B ( 8-13) 
where: 
l 
A = [-!?_ +rb' + ~ ]' 2 4 27 
b I b2 a3 -[ J I B = -2 - T + 27 3 
Equation (8-13) can now be used as an approximation of 
the stall on-set velocity, Vs. 
The power for maximum velocity is that power where 
power required equals power available. If the flight vela-
city exceeds this maximum velocity, there is i nsufficient 
power for level flight. The power limited maximum velocity 
may be approximated by, 
2 3 V =-P -P-[ 
l
i 
rnax pff ( avail i Po (8-14) 
.-
A simplification of Equation <B-14) may be made ny 
assuming that the power required at maximum velocity is the 
same as the power required at hover, so that, 
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Vmax • vi [ ff~A ]! ( 8-15) 
where 
vi ~ f2~Al 
ANGLE OF ATTACK 
The determination of the angle of attack at the azim-
uthal positions of 90 a nd 270 degrees are important in the 
determination of compressibility (90) and stall (270) 
effects . The angle of attack is a function of the rotor 
radius position, r, and the azimuth a ngle,"' • This angle 
can be estimated as, 
0 - V f f3 cos tlJ + w - Va 
a Cr, ) = QR + vf sin tlJ (8-16) 
where: 
o = a + eT + e1 cos$ + a 2 sin1" + K 13a 0 
a == a - a cos$ - b sinw 0 1 1 
and 
60 = Collective Pitch a 0 = Coning Angle 
a i = Lateral Cyclic al : Longitudinal Fla~ping 
02 = Longitudinal Cyclic bl = Lateral Flapping 
0T = Twist K = 0 effect 
13 3 
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The longitudinal collective and cyclic angles can be 
obtained from an expression of coefficient of thrust as, 
CT= a: (AT
1 
+ 0 2T2 + 0TT 3 + 9 2T4 ) 
where: 
T = Js(B2 +Jsµ2) 1 




= ~B3 + Jsµ 2 B 
3 
= ~µ ( B 2 + ~µ 2 ) 
( 8-17} 
The longitudinal flapping coefficient a 1, can be found 
from, 
al= AA11 + (0o + K88)A12 + 0TA13 + (02+ K8bl)Al4 (8-18) 
where: 
A11 = 4 (HB
2 /2 - ~ 3/8) 
Al 2 = 
8µB 
B2(B2 _ ~µ2) 3 (B2 - ~µ 2) 
A - 2µB2 
1 3 - a2 _ Jiµ 2 
A _ 2uB 
1" - iP _ Jsµ 2 
If it is assumed that there is no lateral flapping and 
that effect is zero, i.e . I KS 
(8-18) may be re-written as: 
2CT 
ao = ) T l + 0rT2 + 0TT3 + 0 2T4 
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0 = AA + e A + eTA + e A 
I I O 1 2 I 3 2 1 ~ (8-20) 
Inasmuch as this analysis is looking only at the 90 
and 270 degree azimuths, it can be seen from Equation 
(8-16) that the longitiudinal flapping coefficient, a 1 , 
will always be zero at these locations. 
Equations (8-19) and (8-20) can be solved simultan-
eously to determine the collective and cyclic pitch angles 
and the angle of attack at the 90 and 270 degree positions 
may be stated as, 
a = e + e 
9 0 0 2 + eT + ~ ( 8-21) 
ci = e - e 
270 0 2 
A 
+ eT + l+ µ (8-22) 
It is to be noted that the angle of attack is defined 
positive if the disc plane is nose up. 
STALL POWER INCREMENT 
Stall normally starts at the tip of the retreating 
blade and spreads inboard as forward velocity increases. 




cp = 24n (1 - µ)
2 Cl - x >II - x 2 
s s s 
(8-23) 
where Xs is the non-dimensional radius outboard of which 
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the retreating blade is stalled (from McCormick). This 
dimensionless radius may be approximated as, 




B = s 
c = s 
+ IB5 - 40TCs 
28T 
a - µe - r 
1 T 
µr :\ 
r =a -e -Kf3 
max 0 a 0 
(8-24) 
Since it is possible for the blade section angle of 
attack to be higher for inboard sections than at the tip, a 
correction factor, ks, is defined such that, 
k = 1 
s 
BS 
for - 21r > 1.0 
T 
}sB5 0 T + X5 BS k = - 1 - x for -- < $ s 29T 
The corrected equation for 
then becomes, 
c = k c ' 
Ps s .Ps 
PROBLEM 
1.0 
stall power coefficient 
( 8-27) 
,· 
For the Basic Helicopter, with a uniform blade twis"t 
of -7 , a maximum angle of attack of 12.5 degrees, and a 
lift curve slope, CL , of 5.7 per radian, find the 
a 
Collective and Cyclic pitch settings and the tip angle of 
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attack at the 270 d~gree azimuth position at 150 knots. Is 
the blade stalled? 
With a Tip Loss Factor of B = 0.97, a Coefficient of 
Thrust equal to 0.0071 and an Advance Ratio of µ = 0.3501, 
the coefficients of Equations (8-17> and <8-18> are found 
to be: 
and 
T = 0.5013 
l 
T = 0.2232 
3 
A = 0.7699 
I l 









A 1 1t = 1.1626 
Simultaneous solution of these two equations provides, 
Collective Pitch -+ 15.8 deg. 
Cyclic Pitch -+ - 7 . 4 deg. 
Angle of Attack -+ 14. 7 deg. 
Inasmuch as the angle of attack exceeds 12.5 degrees, 
the blade tip, at least, is stalled. 
From Equation C8-24>, the stalled blade fraction is 
found to be, · 
and 
r ~ ~ c12.s - is.a+ c-7.4>>/57 . 3 = - o.1867 
B5 = 0 - .3501 (-7 /57.3) - (-.1867} = 0.2295 
cs= .3501 .1867 + ( . 0071/2) = 0.1249 
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then, from Equation CB-23), the increment 
coefficient of power is, 
cP = 0.000952 
s 
of stall 
At 150 knots, the unstalled coefficient of power may 
be shown to be 
cP = .000446 
for an increase in power required of slightly over 100 
percent due to stall! 
COMPRESSIBILITY POWER INCREMENT 
At forward velocity, the Mach number of the advancing 
blade is, 
M = ~ip (~ + l.I sin$) (8-28) 
where MTip is the ratio of the tip velocity to the speed of 
sound. 
Inasmuch as the highest Mach number ocurs at the tip 
of the advancing blade when ip = 90 degrees, Equation (8-28) 
may be written as, 
M + MT. (1 + µ) (8-29) 
! 0 l.p 
If it is assumed that the NACA 0012 airfoil is at 
least typical of most blades in current use, the criticaY 
Mach number for drag divergence on-set can be estimated as, 
M ' t = 0.71 - 2.7•a Radians 
cri 90 (8-30) 
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The increment in profile power coefficient due to Mach 
effe cts was found by Gessow and Crim to be, 
C = o {0.01 6Md + 0.1 (6Md 3 )} 
PM 
where 6M = M - M . - 0.06 d 9 0 crit 
PROBLEM 
( 8-31) 
For the Basic Hel icopter at a forward velocity of 150 
knots, find the compressibility power coefficient incre-
ment. 
From Equation (8-21), a = 15.8 - 7.4 - 7 = 1.4° 
9 0 
and from Equation (8-30), Merit= 0.71 - 2.3 1.4/57.3 = 0.65 
Therefore, from Equation (8-31), 
and, 
JjMd = £c21·26.e>11101}c1 + .3501> - o.65 - 0.06 = 0.173 
c p = 0 • 0 8 31 { 0 • 012 • 0 • 1 7 3 + 0 • 10 0 ( 0 • 1 7 ::,3) ) 
M 
c = 0.00022 
PM 
TOTAL HIGH SPEED EFFECTS 
·rhe total pow~r required at high speeds may be 
obtained by adding the stall effects and the compressibil-
ity effects to the basic power coefficient. This coef ficent 
may then be converted from the non-dimensional velue to the 
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the rotor disc area, the ambient density and the cube of 
the tip velocity. 
c = c + c + c 
PTotal P Ps Pm 
(8-32) 
PTotal = Cp • (p AVT 3 ) 
Total 
( 0-33) 
so that for the for the Basic helicopter, 
c = 0.000446 + 0.000952 + 0.00022 = 0.00162 
PTotal 
PTotal = 0.00162•.0023769• (3.1416•26.8 2 )• (27•26 . 8) 3 /550 HP 
= 5985 HP 
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PROBLEM SET EIGHT 
1. At what velo~ity region does Retreating Blade Stall 
occur? 
2. Does a helicopter have to have a transonic speed over 
the ground to have compressibility effects? 
3. What is the general nature of stall power increment as 
relating to total power required? 
4. A helicopter has a blade diameter of 40 feet and a 
rotational velocity of 32.5 radians per second. What is the 
tip velocity in hover? 
5. If the helicopter of Problem f4 has a forward velocity 
of lOO ·knots, what is the value of the rotor advance ratio? 
6. What is the tip velocity on the advancing blade at the 
90 ·degree azimuth at this advance ratio? 
7. Is the tip of the advancing blade at the 90 degree 
azimuth supersonic? 
8. Is the tip of the advancing blade in a trans-sonic 
environment? 
9. What is the tip velocity on t he retreating blade at the 
270 degree azimuth at this advance ratio? 
10. If this helicopter has a Parasite Drag of 1,500 pounds 
and a gross weight of 11,000 pounds, what is the angle of 







During steady-state hovering flight conditions, the 
rotor is in its simplest aerodynamic mode and Hover affords 
the best opportunity for evaluating the rotor and for 
making comparisons of rotor systems. 
In a no-wind Hover, the pilot input to the Cyclic 
control is limited to that required to stabilize the air-
craft and Collective control is required only to balance 
the thrust with the gross weight. If a single-rotor heli-
copter is being tested, some directional control will be 
required to oppose the torque generated by the main rotor. 
The purpose of hovering tests is to measure the total power 
required to produce a given amount of Hover capability, to 
determine how much Collective pitch authority remains 
unused and to validate the assumptions that were made 
during the system design. 
The three primary parameters of the test, weight, trim 
and height above the surface, must be varied during the 
' 
testing. It is desired to covec as much of the operational 
Hover envelope as possible, so test points must be chos~n 
that will minimize any required extrapolation and/or in-
terpolation. Inasmuch as the helicopter performance is 
extremely sensitive to the proximity of the surface at low 
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heights above the surface, hovering tests in ground effect 
are necessary at various ground clearance distances. 
If at all possible, the testing should be conducted in 
very calm wind conditions, preferably less than two to 
three knots. of wind, to reduce the undesired disturbances, 
since there is no good "wind correction factor" to be 
applied to the post-test results. Windy or gusty conditions 
evoke several factors that complicate Hover tests. First of 
all, most rotors are very sensitive to small cross-flow 
velocities, and if these perturbations are present, varia-
tions in the thrust will be observed. 
It is also the very nature of wind that it does not 
usually consist of a single velocity component. The 
I 
veloc-
ity variations that are encountered not only produce 
changes in the thrust output, but similar conditions are 
generally difficult to reproduce from one test to another. 
Another problem lies in the fact that the pilot 
attempting to Hover over a spot in a wind must apply con-
trol inputs to compensate for the thrust and moment varia-
tions. As a result, a dynamic condition is created with 
respect to the helicopter controls, engine power and height 
~ 
above the surface. Depending on the wind and the aircraft 
characteristics, these conditions may produce changes in 






The total power required to Hover over a spot in a 
wind is the sum of the no-wind Hover requirements and the 
power required to effect control of the helicopter. A 
helicopter in Hover over a spot in a wind is similar to a 
helicopter in forward flight in a no-wind condition. It is 
to be recalled that due to the "translational lift", less 
power is required in forward flight than in a Hover. 
Therefore, the second term of the power summation is nega-
tive. This may provide a false impression of the Hover 
capability of the vehicle. If Hover testing is conducted in 
a wind, and the results are considered as though the heli-
copter were in a no-wind condition, the results will 
indicate less power required to Hover than is actually 
needed. 
In addition, the use of Collective and/or Cyclic pitch 
to maintain the Hover in a wind gives the erroneous 
impression that the amount of control authority available 
for other use is different that what it actually would be 
in a no-wind Hover. 
Because of the changes introduced by the winds as well 
as the changing nature of the winds, it behooves the test 
crew to expedite Hover tests so that all tests are con-
ducted in approximately similar environmental conditions. 
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HOVER TEST TECHNIQUES 
There are three basic techniques used to conduct Hover 
testing - use of a Vertical Thrust Stand, Tethered Flight 
and Free Flight. 
VERTICAL THRUST STAND 
The Vertical Thrust Stand tests are usually difficult 
to perform, but they may be the most productive. The heli-
copter is mounted on a fixed-base testing facility that 
consists of three or more vertical stings to which the 
helicopter is rigidly attached. These stings are instru-
mented to measure the loads that are transmitted by the 
helicopter. Because the mounting fixtures must be prepared 
to mate with the test vehicle and the calibrations must be 
current, this type of test usually requires the most pre-
test planning and preparation. 
The Vertical Thrust Stand can measure loads and 
moments, and there may be provisipns for limited attitude 
and height variations. These tests usually permit control 
variations from neutral or the normal state, and these 
variations are exercised to measure the loss of thrust 
r 
associated with vectored thrust conditions, e.g., tilting 
of the rotor. 
Although the positions and attitudes of the vertical 




is known precisely where the test vehicle is at all times. 
Weight variations are simulat~d by varying the thrust of 
the helicopter, with the test stand reacting to the thrust 
as though the gross weight were at different values. In-
Ground Effect tests are generally limited to the lower 
Hover heights. 
TETHER TESTING 
Another technique that may be used is that of hovering 
a Tethered vehicle. This involves tying the helicopter to 
the ground through a hold-down system . If the aircraft is 
fitted with a cargo hook, a ready made hold down point is 
provided with the vehicle. If there is no such device, or 
if the cargo hook has a low load rating, the helicopter 
must be re-configured with some type of harness that can 
accept and transmit the desired loads. An instrumentation 
umbilical is usually attached if it is desired that the 
helicopter parameters be recorded on the ground. 
Unlike the tests with the Vertical Thrust Stand, the 
Tethered ~elicopter is actually flying free from restraint, 
except for the hold-down Tether. For this reason, the pilot 
must take special precautions to insure that he is not 
introducing unwanted control inputs. 
A distinct advantage of the Tethered tests is that, 
length of Tether permitting, the helicopter can move 
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further away from the ground tha n it could on a Thrust 
Stand, and a large amount of "Hover in Ground Effect" 
testing can be accomplished. 
Because of the pilot techniques t hat are required in 
Tether testing, it is customary for the tests to begin at 
some intermediate altitude and then to proceed to higher or 
lower altitudes. As the altitude of the helicopter in-
creases, so does the pilot workload due to the lack of 
visual references at the higher altitudes. The most 
demanding regimes for the pilot are the Out-of-Ground 
Effect conditions, if this height can be reached on the 
Tether, and at the minimum height above the ground. The 
latter is difficult because of the Ground Effect influence 
on both thrust and stability. 
Since the helicopter is in a restrained 11 free flight", 
some provision must be made for a rapid disconnect in case 
of emergency. And it should not be · forgotten that not only 
must the Tether be disconnected, but the instrumentation 
umbilical,. if used, must also be capable of quick discon-
nect. When the helicopter is hovering against the Tether 
.. . 
cable restraint, disconnect -or failure of the cable may 
provide a surprising reaction. The disconnect should be 
tested with the helicopter on the ground and again with a 
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with the disconnect results. 
Whereas the Vertical Thrust Stands are ori~nted in a 
singl·e, or at the most a very limited choice of directional 
headings, the Tether system permits the orientation of the 
test vehicle with respect to any wind so as to minimize 
control input requirements. 
At a given height of the landing gear above the sur-
face (the usual criteria for Hover height>, power is 
increased in small increments from that required for mini-
mum weight Hover to the maximum power available or allow-
able. For those helicopters with a band of useable rotor 
speeds, enough different speeds must be used to ensure that 
the desired range of coefficients is covered. 
1
In the Tether tests, as with the vertical thrust stand 
method, variations in weight are simulated by the hold-down 
force, so that a wide range of Hover thrust conditions may 
be satisfied. 
Tests are usually conducted from minimum In-Ground 
Effect height to a height above the surface of about one 
and a half rotor diameters. Helght increments should be 
about five feet until a height of twenty feet is reached~ 
and then ten foot increments are used. Height may be 
measured by means of a graduated, weighted cord attached to 
the helicopteT. One must be cautious of changes in attitude 
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which may result in erroneous readings, dependent on where 
the measuring cord is attached. Especial l y on large heli-
copters, it may be prudent to use height cords attached 
both fore and aft. 
FREE FLIGHT TESTS 
A third method for conducting Hover tests is by the 
Free Flight method. Tbis method is normally used to verify 
that the Tether or the Thrust Stand did not introduce any 
performance variations, and is used as a primary method 
only when Tethered fligh t is not possible or practicable. 
In the Free Flight method, stabilized thrust varia-
tions can occur only in company with weight variations. The 
technique most frequently used is to ballast the aircraft 
for Out-of-Ground Effect capability, and then to set the 
power for a low height In-Ground Effect Hover. Power is 
increased in increments to obtain data at various heights 
above the ground until the height. of Out-of-Ground Effect 
is achieved. Rotor speed is maintained constant during each 
test, and the height above the surface is measured for each 
stabilized point. Gross weights are then changed for 
another series of tests. Additional tests may be conducted 
for different rotor speeds across the gross weight 
envelope. 
Another variation of the Free Flight method is to vary 
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power and rotor speed while maintaining a constant height 
at a given gross weight. Usually three power/rotor speeds 
are sufficient for each altitude. 
Two principal problems exist in the Free Flight 
method. The first of these is the problem of accurately 
determining the height of the aircraft above the surface. 
The pilot must be supplied with continuous height informa-
tion during the tests. Once again, a measuring cord may be 
used, or a more sophisticated height measuring system may 
be employed. These include the use of dopplers, radars, 
theodolites, lasers, et cetera. 
The second problem is that of maintaining a true 
Hover, i.e., zero airspeed, without some reference for the 
pilot. One simple method for achieving this is the use of a 
weighted, tufted cord below the helicopter. This cord must 
be at least as long as the In-Ground Effect heights and 
need not exceed 200 feet in length. The tufts on the cord 
provide an airflow indication and reference. The pilot 
approaches Hover from below the desired height and when the 
test altitude is reached, the string is lowered the desired 
amount. Ground personnel can ~nduce a bowing in the cord in 
a direction opposita to the wind direction, and the pilot 
is then advised to move the helicopter so as to remove the 
bowing in the cord. 
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In a true Hover, the cord will exhibit cipples as the 
downwash travels vertically along the string. The pilot may 
be advised t o verify his position by mov i ng the helicopter 
slightly while the ground crew observes the cord reaction. 
Once Hover is established, data should be obtained as 
rapidl y as possible. 
When Hover is established, the pilot may test for 
several different rotor speeds. If the on-set of a high 
rate of descent is observed, the tests must be abandoned 
immed i ately to prevent the occurence of po~er settling. 
DESIRED HOVER DATA 
In general, Hover tests are conducted to determine the 
weights that can be supported in Hover as a function of the 
power required to Hover, the effects of Hover height on 
thrust and power required, and the amount of control 
authority that is used to attain the various stabilized 
conditions. 
As with fixed-wing aircraft, it is generally preferred 
to process the data so as to obtain non- dimensional pararn-
eters in order to facilitate cross-referencing. Even if 
non-dimensional data is not required, the data must be 
normalized by being reduced to some base conditions, such 






Inasmuch as the vehicle is in equilibrium condition in 
these tests, the gross weight will be supported by the 
developed thrust, and even though weight is the base, 
rather than thrust, the coefficient of thrust can be used 
to non-dimensionalize by using weight equal to thrust, 
T W 
CT == -p A__,...,( n--R ...... ) 2 == p A (n R) 2 
In a similar manner, the coefficient of power 
550 SHP 




No~e that Equation C9-2) uses Shaft Horsepower CSHP), 
which is really Rotor Shaft Horsepower CRSHP), while the 
most readily available information is usually Engine Shaft 
Horsepower CESHP) from gas generator information, Figure 1. 
ESHP 
, .. 




To convert from the Engine Shaft Horsepower to the 
Rotor Shaft Hors~power one must have previously deter-
mined the efficiency <n> of the transmission system. This 
efficiency is usually obtained, only with some difficulty, 
on the basis of total power developed, including tail rotor 
power, auxiliary power requirements and transmission 





From these curves, the power required from the tests 
may be determined and this information is converted to a 
coefficient format. A series of Hover plots for control 
. . 
. 
position and coefficient of power, are shown as a function 
of the coefficient of thrust in Figures 3a and 3b, where 
is the Collective stick position. From these curves a 
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relationship be t ween Collective stick position and the 








Figure 3 . 
It is to be observed from Figures 3a and 3b that a 
zero Collective setting is established for a specific value 
of coefficient of thrust. This means that a zero setting 
relates to a specific value of gross weight. 
Similar pairs may be constructed for Hover height and 
Collective stick position as a function of the coefficient 
of thrust, as shown in Figures 4a and 4b, From this pair of 
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curves, the relationship between Collective stick position 




DOWN Cy a. 
HOVER 
HEIGHT 
NORMALIZATION OF DATA 
Cy b. 
Figure 4 
If a specified gross weight is established as the test 
standard (W std> and this weight is substituted for the 
thrust under standard atmospheric conditions, e.g., sea 
level, from Equation (9-1) the coefficient of thrust is, 
wstd =CT nR 2 Pstd (nR) 2 std {9-3) 
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By substituting this value for the coefficient of 




= test ~ (n • rrR2 (n ) 2 
test ~,R) 2 test Pstd ~,R std (9-4) 
or, 
P td (nR) z std 
s • ------.----w std= Wtest·ptest (nR)2test ( 9-5) 
If standard sea level conditions are used as the 
density reference and a fixed value of tip velocity cnR> is 
used as the reference tip velocity, the normalized weight 
function becomes, 
1 
- w • 
wstd - test a test 
2 (DR) std 
(nR) 2 test (9-6) 
where the test density ratio is, 
Ptest (9-7) a = 
test pstd 
In a similar manner, the Rot"or Shaft Horsepower may be 
normalized as, 
RSHPstd = Cp{rrR2pstd(nR)3std} (9-8) 
and, 
1 (nR) 3 std 
RSHP d = RSHPtest{a • (nR) 3 test st test 
(9-9} 
!nasmuch as the Rotor Shaft Horsepo~er is the Engine 
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Shaft Horsepower times the efficiency, the normalized 
equation for RSHP may be conv~rted to a normalized ESHP by 
multiplying by the applicable value of 
Some idea of the nature of Hover tests may be obtained 
by an partioned examina t ion of the equation for coefficient 
of thrust, Equation (9-1) rewritten as, 
CT 
w 1 1 
= fcrJ{ cnRl2.nR2 J (9-9) 
Without a hacksaw, there is little that can be done 
about the rotor radius on a constructed helicopter, so the 
last term of Equation (9-9) is a constant. 
Within some rather narrow limits, the rotational 
ve.locity may be varied, so that the second term of Equation 
(9-9) may be changed to produce small changes in the 
coeff ient of thrust. 
The first term in Equation (9-9) is the weight to 
altitude ratio, based on density altitude, and the 
coefficient of thrust may be varied by changing the weight, 
the altitude or both, as long as the ratio of weight to 
density ratio changes. From this can be seen the reason for 
conducting the Hover tests at various conditions of gross 
weight and at various altitudes. 
Equation {9-9) also offers some insight~ as to how the 
coefficient of thrust may be maintained as a constant, if 
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that is desired. Keeping the tip velocity at a constant is 
a relatively simple matter, but careful pre-test planning 
must be developed to maintain the W/o ratio a constant 
during the test as the weight decreases with fuel 
consumption. This is usually accomplished by preparing 
charts of density altitude versus gross weight Cor verus 
fuel weight since that is what is being recorded). These 
charts must . either be based on, or correctable to, the 
ambient density conditions that actually exist at the time 
of the tests. 
HOVER FLIGHT LIMITATIONS 
It has been stated that several parameters may be 
varied in order to obtain the desired Hover test data. 
There are, however, several limitations that prevent carte 
blanche changes. These limitations may include mechanical, 
aerodynamic, structural and power train factors. These 
limitations must be reco~nized p~ior to commencing Hover 
testing. Each of these limitations will be discussed in 
turn. 
Mechanical This is the limitation imposed by the 
limits on applied torque,. rotational velocity, control 
authority or engine temperature. The control authority may 
also include the tail rotor if the tail rotor can not be 
controlled so as to provide a balance for high torque. 
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Aerodynamic - Hover ceiling is an 
Another such limit is the stability 
aerodynamic limit . 
limit of center of 
which may extend beyond the 






Structural - These include rotor blade strength limits 
and cargo hook maximums for Tether tests. 
Power Train - The power required to Hover is an 
averaged figure since the helicopter will not Hover for a 
considerable period of time without some vertical and/or 
horizontal displacements. Even if the helicopter is 
restrained on a Tether, the vehicle will tend to have some 
'bounce' on the Tether cable. The rotor-transmission-free 
turbine system makes up a power train arrangement which 
results in the rotor variations from the true Hover pro-
ducing slightly damped engine-transmission oscillations. 
The variations in fuel flow, torque, rotor speed, Hover 
height and load cell force must be averaged to eliminate 
the effects of the power tra i n oscillations. At testing 
extremes, the power train varldtions may introduce stronger 
oscillations that will prevent satisfactory testing. 
HOVER IN WIND 
It has been stated tha t it is desireable to conduct 
Hover tests in zero wind in order to obtain the best data. 
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In operational flying, however, the helicopter is fre-
quently called on to Hover in wind conditions, and to 
obtain performance data for these conditions it may be of 
value to conduct some tests in a wind environment. General 
testing in a wind, however, introduces perturbations that 
are usually undesired and often unexpected. It is possible 
to apparently nullify slight wind conditions by moving the 
helicopter backwards or sideways, but this not only imposes 
excessive workloads on the pilot, but generally produces 
pronounced changes in the performance because of flow over 
the fuselage and changes in the engine performance due to 
variations in the engine inlet flow conditions. 
The performance characteristics in sideways and/or 
backwards flight are generally non-linear with numerous 
discontinuities and/or reversals. The velocity increments 
during these tests should be sufficiently small so as to 
demonstrate the trends. In rearward tests, the pilot's 
visibility may be hampered by the nose-up attitude and care 
must be tBiJcen to prevent the tail from striking the ground 
at low heights. 
VERTICAL CLIMB TESTS 
.· 
An absolute minimum of vertical climb tests should be 
conducted 
portion of 
because most of the flight is in the restricted 
the flight envelope. If these tests are to be 
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conducted, they should be pe rformed between the ground and 
1,000 feet. If the tests are conducted at full power with 
various weight loads, the pilot's workload is significantly 
reduced. 
The first set of vertical climb tests should be con-
ducted near the maximum gross weight. This results in the 
lowest climb speed and allows the pilot time to observe 
what is happening. If the tests are begun at the surface, 
large initial control inputs are required to counter the 
effects of the increasing power during the entry into the 
climb. For this reason, it is preferrable to commence 
vertical climb from a low height Hover. From this condi-
tion, power is applied rapidly and a vertical climb is 
continued until a constant rate of climb or the maximum 
height is reached. At the termination of the climb, a Hover 
point is established, and power is reduced slowly and a 
vertical descent is established until the helicopter is 
once again close to the ground. At this point the vehicle 
re-enters Hover and is ready to perform another climb. 
The . pilot's reference point in a vertical climb is a 
problem of great magnitude. Once the vehicle has left th& 
vicinity of the ground, the pilot usually has very few 
visual reference cues. He may be aided by the use of 
several ground personnel who 'triang~late' the climb. 
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The purpos e of the vertical climb i s to determine t he 
rate of climb as a function of the gross weight at a given 
power and altitude. 
FORWARD CLIMBING fLIGHT 
The basic procedure for Forward Climbing Flight test-
ing is known as the Sawtooth Climb method. Here the heli-
copter is climbed at a constant airspeed through a speci -
fied, small band of altitude, and then the tests are 
repeated at different airspeeds through the same altitude 
band." If these tests are conducted with the climbs and 
descents for the next climb on the same heading, the flight 
profile would resemble the teeth of a saw, hence the name. 
In practice, however, these tests are generally con-
ducted in a 'racetrack' pattern with the climbs on one 
heading and the descents on the reciprocal heading. If 
possible, the climb headings should be normal to any 
existing winds so as to minimize wind shear effects. 
The minimum test altitude band is usually 1,000 feet, 
500 feet below the desired test altitude to 500 feet above 
the desired level. The actual test should commence below 
.· 
the minus 500 foot level so .that the climb is stabilized as 
the helicopter passes through the minus 500 foot boundary. 
Climb is continued until the aircraft is well passed the 
plus 500 foot level, and the elapsed time is measured only 
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between the minus and plus boundaries. 
The size of the airspeed increments will vary with the 
capability of the helicopter being tested, but will usual l y 
be about 10 knots. Once the general region of maximum 
rate of climb is apparent, it may be desired to make 
larger velocity increments at the higher and lower veloc-
ities, and have the velocity points closer together near 
the region of maximum rate of climb. 
The Sawtooth Climbs should be conducted at a constant 
rotor speed and with zero angle of sideslip. Additional 
tests . may be conducted at different rotor speeds, if this 
information is desired. 
NORMALIZATION OP CLIMB DATA 
The actual rate of climb C 6. Altitude/ 6. time) should be 
normalized to reference conditions of ambient temperature 





= R/Ctest • 
wstd }. ~ 
w test 
(9-10) 
Ta =Standard Temperature at test altitude, °K 
std 
Ta =Ambient Temperature at test altitude, °K 
test 
For a given climb power setting and at a given alti-
tude, the Rate of Climb CR/C>, based on a reference gross 
weight condition, as a function of velocity appears as 
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MAX BEST V 
Figure S 
Because of the difficulty in maintaining the flight 
condition for maximum rate of climb, and because deviations 
in airspeed on either side of the velocity for maximum rate 
of cliffib result in a degradation in the climb rate, its is 
customary to list handbook values as those for 'best' rate 
of climb. These are values for 95 to 99 percent of the 
maximum rate of climb, taken on the high velocity side of 
the curve. It is to be seen from Figure 5 that variations 
in the velocity for 'best' climb produce a decreased rate 
of climb if the velocity is increased, but an increase in 
climb rate if the velocity is decreased slightly. Hope-
fully, these variations will be mutually canceling. 
.· 
CONTINUOUS CLIMB TESTS 
Continuous climb tests are conducted to determine the 
variation in performance at altitude and to establish the 
various ceilings for the helicopter. By definition, the 
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following altitude limits are established: 
Absolute Ceiling + R/C = 0 feet per minute 
Service Ceiling + R/C = 100 feet per minute 
Combat Ceiling + R/C = 500 feet per minute. 
Tests are usually conducted at both the 'design' 
weight and at maximum gross weight. Schedules of airspeed 
versus altitude are prepared based on the Sawtooth Climb 
tests and the Continuous Climb tests are conducted in 
accordance with these schedules. 
Inasmuch as the maximum rate· of climb and even the 
best rate of climb occur very near the 'bucket' in the 
power required versus velocity curve, it will be difficult 
to maintain a constant airspe ed during the various legs of 
the climb. It is fortunate, however, that variations in 
airspeed of the order of plus and minus five knots will not 
produce very large variations in the power required, and, 
as a result, the rate of climb will have minimal varia-
tions. 
Since the tests must be corrected to standard or 
normalized conditions, the altitude for 100 feet per minute 
rate of climb, i.e., Service Ceiling, may not be the alti-
tude for 100 feet per minute when normalized. For this 
reason, testing should be conducted above the altitude 




Add itional curves, such as the rate of climb versus 
altitude and the time to climb to a given altitude, as 













J- - - - TlMETOCLIMe 
Figure 6 
LEVEL FORWARD FLIGHT TESTS 
In previous Chapters, plots of power required as a 
function of forward flight velocity have been presented. It 
is these plots that are being produced and/or validated in 
level for~ard flight testing. In essence, each point on the 
power required versus velocity curve is a point of maximum 
,-
velocity, Vmax , for the power setting that is actually 
used at that velocity. By obtaining points for these 
'partial power' velocity maxima, the loci of the total 
curve can be obtained. 
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In practice, the 'backside of the power curve', i.e., 
the power required for velocities less than the velocity 
for minimum power, are difficult to obtain. These may be 
obtained, however, by 'backing down' the power curve. 
One problem in level forward flight testing is the 
influence of linear accelerations on the achieved results. 
The pilot is usually quite aware of angular accelerations, 
but barely perceptable amounts of linear acceleration may 
negate the test results. 
Test techniques may be as follows: 
1 . Forward Cyclic is applied, with power addition as 
required, until the forward velocity is near the 'aim' 
point. 
2. The power is then fixed and rotor speed, altitude 
and attitude are adjusted until the desired velocity is 
reached. 
3. The stabilized condition should be held at least 
two minutes to insure that the data point is indeed stable . 
4. If the stabilized point is not the exact airspeed 
that is desired, the pilot should accept the achieved point 
.· 
rather than 'fiddle' with th~ inputs. 
5. If manual data acquisition is being employed, after 
all aircraft and environment parameters are recorded, the 
power parameters should be re-read to insure that there has 
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been but minimal changes during the acquision of data. 
The velocity increments will vary with the type of 
vehicle and the scope of the tests. Usually no fewer than 
eight data ' points should be recorded. Extra data points may 
be added at the velocity extremes and near minimum power. 
NORMALIZATION OF DATA 
As with other tests, the data may be reduced to 
referenced conditions by use of the following equations, 
1 (nR) a std 
RSHPstd = RSHPtest·atest• (nR)3test 
1 (nR)zstd 
Wstd = Wtest·atest• (nR)2test 
V = µ • (nR) 










The following problems refer to a helicopter with: 
R = 25 feet wtest = 12,000 pounds µ = 28 rad/sec 
1. What is the standard, i.e. reference, weight if the test 
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is at an altitude of 2,500 feet? 
2. What is the standardized weight if the rotor speed is 32 
radians/second and the test altitude sea level? 
3. What is the standardized weight if the rotor speed is 32 
radians/second and the test altitude is 2,500 feet? 
4. What is the standardized weight is the test tip velocity 
is 700 feet per second and the test altitude is 2,500 feet? 
5. The test Rotor Shaft Horsepower is 1,500. What is the 
standardized RSHP, with a tip velocity of 800 feet per 
second at an altitude of 2,500 feet? 
6. With a test rotor speed of 30 radians per second and a 
test airspeed of 80 knots, 
airspeed? 
what is the standardized 
7. It is desired to maintain a constant coefficient of 
thrust. Initial tests are at a weight of 12,000 pounds at 
an altitude of 1,000 feet. What altitude should be used 
when the weight has decreased to 10,000 pounds? 
8. An increase of ten percent in the tip velocity causes 
what change in the standardized weight? 
9. An increase of ten percent in the tip velocity causes ~-~ 
what change in RSHP? 
10. For a constant altitude test, what is the relationship 






Equations have been developed in the previous chap-
ters that permit an approximation (usually to within better 
than ten percent) of the performance of a helicopter. It 
is, of course, possible to program these equations on a 
computer so that rapid solutions may be obtained. However, 
because of the large number of these equations, direct 
programming would be cumbersome and the output would be 
slow. Because of this, consolidated computer programs 
beep developed. 
have 
Although the methods for programming 
are amenable to all types of systems, 




mings - one for a hand-held calculator and one for a 'per-
sonal' computer system. 
HAND-HELD COMPUTER 
These programs were developed for the Hewlett-Packard 
HP-41 series of hand-held computers because of the size of 
the storage in these devices·. Somewhat similar, but greatly 
reduced, programs have been developed for the Texas 
Instrument TI-58/59 devices, but due to the relatively 
small storage capability, these programs require a great 
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deal of 'out of the loop' calculations. 
The basic line of approach in these programs is the 
use of subroutines. The use of subroutines reduces the 
amount of the required computer memory. Numerous main pro-
grams utilize the same basic equations and computational 
techniques even though the end results are different. For 
example, the program "FORFLT" calculates the power 
requirements for straight and level forward flight while 
the program "VERFLT" determines the power requirements for 
vertical climbing flight. Although the results are dif-
ferent, both of these program call and execute fifteen 
identical subroutines wherein the computational techniques 
are the same for both programs. 
In addition, the use of subroutines greatly improves 
the ease of program editing. Each individual subroutine 
calculates a single specific function or variable, i. e., 
rotor disc area, ground effect, air density, et cetera. All 
of these programs have been developed in the simplest pos-
sible manner, and if the user desires to expand or vary the 
computational technique for some facet of the program, this 
may be accomplished by oniy editing a particular sub-
routine. 
Some subroutines have been prepared both as an 'in the 
loop' program (depending data previously entered) and as a 
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'stand alone' program for which 
directly. 
data must be input 
Another advantage to this partitioning on main pro-
grams and subroutines is that the user can see the effect 
of parameter variation. It is not difficult to develop a 
program with a gross input - gross output schema so that an 
answer may be obtained without any indication of the corn-
ponent portions of the solution. 
On the other hand, once familiarity is gained with the 
component, the user does not want to be tied to this method 
for ali the calculations. For this reason, following the 
partitioned main and subroutine programs, a generic 'all 
up ' . program is listed. 
Because of the unique syrnbology of the HP-41, certain 
changes had to be made in the symbols from that used in the 
previously developed formulae. An alphabetical listing of 
all HP-41 displays and their rneanirtgs is contained in the 
Appendix. 
The Programs and Subroutines listed for each Program 
must be resident in memory prior to execution of a program. 
Programs are commenced by executing the program name, e.g., 
XEQ <ALFA> HOVER <ALHA> 
The alphabetic input for a Program or Subroutine is 
show in the listings below in quotation marks. For example, 
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the above execution would be shown as: 
XEQ "HOVER• 
Operation of the following programs requires a SIZE 
032 setting for the HP-41. 
Tne following are the programs for the the main 
routines. 
MAIN PROGRAMS 
"HOVER" - CZero velocity flight) 
Programs and Subroutines used: 
"Ao• "ECHORD" "PT" 
"CG" "GE" "SD" 
"CT" "HOVER" "TL" 
"DATA" "PI" "TL II 
"DN" "PO" 
PROGRAM LISTING "HOVER" 
01 LBL "HOVER" 
02 CLRG 
03 "Hl" 
04 ASTO 31 
05 XEQ "DATA" 
06 "LBL "Bl" 
07 XEQ "AD" 
08 "XEQ "VT" 
09 "XEQ "CT" 
10 XEQ "TL" 
11 XEQ "PI 11 
12 XEQ "SD" 
13 XEQ "PO" 
14 XEQ "PT" 
15 XEQ "CG" 
16 END 
"FORFLT" - (Straight and level Flight) 
Programs and Subroutines used: 
11 AD" "ECHORD" "PT" 
II CG II "FORFLT II SD II 
II CT " 11 GE II II TL II 
"DATA" "PI" Cat PJ) "VI" 




PROGRAM LISTING "FORFLT" 
01 LBL "FORFLT" 24 2 
02 CLRG 25 I 
03 "F2" 26 STO 00 
04 ASTO 31 27 Xt 2 
05 "FOR V=?" 28 1 
06 PROMPT 29 + 
07 1.68894 30 SQRT 
08 * 31 RCL 00 
09 STO 25 32 -
10 "F.P.A.<FF>=?" 33 SQRT 
11 PROMPT 34 RCL 20 
12 STO 26 35 * 
13 XEQ "DATA" 36 RCL 10 
14 LBL "F2" 37 * 
15 XEQ "AD" 38 550 
16 XEQ "VT" 39 I 
17 XEQ "CT" 40 XEQ "PJ 
18 XEQ "TL" 41 XEQ "SD 
19 XEQ "VI" 42 XEQ "PO 
20 RCL 25 43 XEQ "PP 
21 RCL 20 44 XEQ "PT 
22 I 45 XEQ "CG 
23 Xt2 46 END 
"VERFLT" - (No forward motion> 
Programs and Subroutines Used: 
"AD" "GE" "SD" 
"CG II "PC" "TL" 
"CT" "PI" Cat PJ) "VERFLT" 
"DATA II "PO" "VI II 
"DN" "pp II "VT" 
"ECHORD" "PT" 
PROGRAM LISTING "VERFLT" 
01 LBL "VERFLT" 12 STO 24 
02 CLRG 13 XEQ "DATA" 
03 "Vl" 14 LBL "Vl" 
04 ASTO 31 15 XEQ "AD" 
05 "VERT V=?" 16 XEQ "VT" 
06 PROMPT 17 XEQ "CT" 
07 60 18 XEQ "TL" 
00 I 19 XEW "VI" 
09 STO 23 20 RCL 23 
10 "F.P.A.<VF>=? 21 2 





23 RCL 20 35 * 
24 I 36 550 
25 STO 00 37 I 
26 xt2 38 XEQ "PJ" 
27 1 39 XEQ "SD" 
28 + 40 XEQ "PO" 
29 SQRT 41 XEQ "PP" 
30 RCL 00 42 XEQ "PC" 
31 - 43 XEQ "PT" 
32 RCL 20 44 XEQ "CG" 
33 * 45 END 
34 RCL 10 
"FLIGHT" - (Vertical and/or Forward Level Flight) 
Programs and Subroutines used: 
"AD" "DN" "PI" CAT PJ) "TL" 
11 CF" 11 ECHORD" "PO" "VC" 
"CG" "FLIGHT" "PP" "VI" 
"CT" "GE" "PT" "VT" 
"DATA" "PC" "SD II 
PROGRAM LISTING "FLIGHT" 
01 LBL"FLIGHT" 24 PROMPT 
02 CLRG 25 STO 24 
03 "Fl" 26 FS? 01 
04 AST031 27 GTO 06 
05 SF 01 28 LBL 05 
06 11 VERT ONLY?" 29 "FOR V=?" 
07 PROMPT 30 PROMPT 
08 X>O? . 31 1.68894 
09 GTO 04 32 * 
10 "FOR ONLY?" 33 STO 25 
11 PROMPT 34 11F.P.A.<FF>=?" 
12 X>O? 35 PROMPT 
13 GTO 05 36 STO 26 
14 CF 01 37 LBL 06 
15 "BOTH" 38 CF 01 
16 PROMPT 39 XEQ "CF" 
17 LBL 04 40 XEQ "VC" 
18 "VERT V=?" 41 XEQ "DATA" 
19 PROMPT 42 LBL "Fl" 
20 60 43 XEQ "AD" 
21 I 44 XEQ "VT11 
22 STO 23 45 XEQ "CT" 





47 RCL 27 54 XEQ "PO" 
48 RCL 10 55 XEQ "PP" 
49 * 56 XEQ "PC" 
so 550 57 XEQ "PT" 
s1 I 58 XEQ "CG" 
52 XEQ "PJ"" 59 END 
53 XEQ "SD" 
"FLITE" - (Omni Program) 
This program may be used for all phases of flight, 
including Hover. It computes forward climbing flight power 
as the sum of forward flight requirements using "FORFLT" 
and vertical requirements using the approximations of 
Equation (4-16). 
Programs and Subroutines used: 
"AD" "ON" "PC II "PT" 
"Ci'" "ECHORD" "PI" CAT PJ} "SD" 
"CG" "FLITE" "PO" "TL" 
"CT" "FORFLT" "PP" "VI II 
"DATA" "GE" 
PROGRAM LISTING - "FLITE" 
01 LBL "FLITE" 22 "VERT V?" 
02 CF 06 23 PROMPT 
03 0 24 60 
04 STO 24 2s I 
05 STO 26 26 STO 03 
06 STO 23 27 "F.P.A.<VF>=?" 
07 05 28 PROMPT 
08 STO 31 29 STO 04 
09 SF 01 30 FS? 01 
10 "VERT ONLY?" 31 GTO 06 
11 PROMPT 32 LBL 05 
12 X>O? 33 XEQ "FORFLT" 
13 GTO 04 34 LBL 06 
14 "FWD ONLY?" 35 "NEED DATA?" 
15 PROMPT 36 PROMPT 
16 X>O? 37 X=O? 
17 GTO 05 38 GTO "F8" 
18 CF 01 39 XEQ "DATA" 
19 "BOTH" 40 LBL "F8" 
20 PROMPT 41 XEQ "AD" 





43 XEQ "TL" 53 550 
44 XEQ "VI" 54 I 
45 RCL 23 55 STO 00 
46 2 56 XEQ "PJ" 
47 I 57 XEQ "SD" 
48 CHS 58 XEQ "PO" 
49 RCL 20 59 XEQ "PP" 
50 + 60 XEQ "PC" 
51 RCL 10 61 XEQ "PT" 
52 * 62 END 
"TR" - (Tail Rotor Power. Must follow Main Rotor Program> 
Program and Subroutines Used 
"AD" "DN" "PO" "TR• 
"CG" "ECHORD" "SD" "VI" 
"CT" "GE II "TL" "VT" 
"DATA" "PI" Cat PJ) 
PROGRAM LISTI NG II TR II 
01 LBL "TR" 28 XEQ "TL II 
02 "T2" 29 XEQ "SD II 
03 ASTO 31 30 XEQ "VI" 
04 SF 06 31 RCL 25 
05 RCL 08 32 X>O? 
06 STO 03 33 GTO 01 
07 "TR "DATA II 34 RCL 10 
08 PROMPT 35 RCL 20 
09 XEQ "DATA" 36 * 
10 CF 06 37 550 
11 1000 38 I 
12 STO 09 . 39 STO 000 
13 LBL "T2" 40 XEQ "PJ" 
14 "L<TAIL>=? 41 XEQ "PO" 
15 PROMPT 42 RCL 23 
16 STO 24 43 X=O? 
17 RCL 30 44 GTO 02 
18 550 45 LBL 01 
19 * 46 RCL 11 
20 RCL 23 47 2 
21 I 48 * 
22 RCL 24 49 RCL 12 
23 I 50 * 
24 STO 10 51 RCL 24 
25 XEQ "AD" 52 * 
26 XEQ "VT" 53 RCL 23 





55 Xt2 99 I 
56 l/X 100 1 
57 RCL 30 101 + 
.. 58 550 102 RCL 13 
59 * 103 3 
60 x 2 104 Y tX 
61 * 105 RCL 12 
62 RCL 25 106 * 
63 Xt2 107 RCL 11 
64 2 108 * 
65 I 109 RCL 07 
66 STO 00 110 * 
67 x 2 111 RCL 19 
68 + 112 * 
69 SQRT 113 4400 
70 RCL 00 114 I 
71 - 115 * 
72 SQRT 116 "PO=" 
73 RCL 10 117 PROMPT 
74_ * 118 VIEW X 
75 550 119 STOP 
76 I 120 STO 21 
77 "PI=" 121 LBL 02 
79 PROMPT 122 RCL 19 
79 VIEW X 123 RCL 21 
80 STOP 124 + 
81 RCL 15 125 ST+ 27 
02 I 126 "PT<TR>=" 
83 "PI<TL>=" 127 PROMPT 
84 PROMPT 128 VIEW X 
85 VIEW X 129 STOP 
86 STOP 130 RCL 30 
87 STO 18 131 "PT<TR>=" 
88 RCL 25 132 PROMPT 
89 RCL 26 133 VIEW X 
90 I 134 STOP 
92 RCL 26 135 + 
93 x+2 136 "PT<ACFT>=" 
94 * 137 PROMPT 
95 4.3 138 VIEW X 
96 * 139 STO 27 
97 RCL 13 140 STOP 




"AUTO" - (Power-off Autorotation) 
Programs and Subroutines used 
"AUTO" "ON" 
"AD" 11 ECHORD" 
"CG" "SD" 
"DATA II 
PROGRAM LISTING "AUTO" 
01 LBL "AUTO" 40 2 
02 CLRG 41 + 
03 "Al" 42 Xt 2 
04 ASTO 31 43 l/X 
05 XEQ "DATA" 44 RCL 14 
06 "LCM=?" 45 * 
07 PROMPT 46 GTO 03 
08 STO 00 47 LBL 02 
09 LBL "Al" 48 RCL 14 
10 RCL 00 49 3 
11 l/X 50 * 
12 3 51 SQRT 
13 * 52 CHS 
14 RCL 07 53 RCL 14 
15 * 54 2 
16 SQRT 55 * 
17 STO 15 56 + 
18 x+2 57 RCL 14 
19 RCL 00 58 4 
20 * 59 * 
21 RCL 07 60 3 
22 + 61 -
23 x+2 62 I 
24 l/X 63 LBL 03 
25 RCL 15 "64 RCL 11 
26 3 65 * 
27 YtX 66 XEQ "AD" 
28 * 67 * 
29 XEQ "SD" 68 2 
30 * 69 * 
31 4 70 l/X 
32 I 71 RCL 10 
33 STO 14 72 * 
34 X<=O? 73 SQRT 
35 GTO 01 74 60 
36 1 75 * 
37 - 76 "VV=?" 
38 X>O? 77 PROMPT 





79 STOP 94 STOP 
80 RCL 08 9S RCL 09 
81 RCL OS 96 .29811 
82 * 97 I 
83 .082798S 98 "d<HOR. GLIDE>=" 
84 * 99 PROMPT 
8S "VF<MIN R.O.D>=" 100 VIEW X 
86 PROMPT 101 STOP 
87 VIEW X 102 XEQ "CG" 
88 STOP 103 GTO 04 
89 30. 31S8 104 LBL 01 
90 * 105 "F=" 
91 "VV<MIN R.O.D.>=" 106 ARCL X 
92 PROMPT 107 AVIEW 
93 VIEW X 108 LBL 04 
109 END 
"TANDEM" (Multi-Rotors) 
Programs and Subroutines used: 
"AD" "DN" "PP II 
"AE" "ECHORD" II SD II 
"CG" "GE" "TANDEM" 
"CT" "PI II CAT PJ) "TL" 
"DATA" "PIT" "VT" 
"PO" 
PROGRAM LISTING "TANDEM" 
01 LBL "TANDEM" 18 GTO 02 
02 CLRG 19 "FOR V=?" 
03 "Tl II . 20 PROMPT 
04 ASTO 31 21 1.68894 
OS XEQ "DATA" 22 * 
06 LBL "TL" 23 STO 25 
07 CEQ "VT" 24 "F.P.A.<FF>=?" 
08 XEQ "AD" 25 PROMPT 
09 XEQ "CT" 26 STO 26 
10 2 27 LBL 02 
11 I 28 XEQ "PIT" 
12 STO 14 29 XEQ "AD" 
13 XEQ "TL" 30 XEQ "SD" 
14 XEW "AE" 31 XEQ "PO" 
15 "HOVER?" 32 2 
16 PROMPT. 33 * 




35 PROMPT 45 + 
36 VIEW X 46 RCL 10 
37 STOP 47 + 
38 STO 21 48 "PT<TDM>=" 
39 RCL 25 49 PROMPT 
40 X=O? 50 VIEW X 
41 GTO 03 51 STOP 
42 XEQ "PP" 52 XEQ "CG" 
43 LBL 03 53 END 
44 RCL 21 
MINOR PROGRAMS 
{Stand alone programs to be used for direct calculations> 
"DENSITY ALTITUDE" - (ICAO Standard Altitude) 
Programs and Subroutines used: 
"DA" 
PROGRAM LISTING "DA" 
01 LBL "DA" 16 288.16 
02 "PA=? 11 17 * 
03 PROMPT 18 .23496 
04 6.875 E-06 19 Yt X 
05 * 20 CHS 
06 CHS 21 1 
07 1 22 + 
08 + 23 6.875 E-06 
09 5.2561 24 I 
10 ytx 25 FIX 2 
11 "T<CEL>=?" '26 "DA=?" 
12 PROMPT 27 ARCL X 
13 273.16 28 AVIEW 
14 + 29 END 
15 I 
"DENSITY" - (Air Density) 
Programs and Subroutines used: 
"DENSITY" 
PROGRAM LISTING "DENSITY" 
01 LBL "DENSITY" 
02 XEQ "ON'" 









Programs and Subroutines used: 
• 
"AREA" "AD" 
PROGRAM LISTING "AREA" 
01 LBL "AREA" 06 FIX 2 
02 "R=?" 07 "AREA=" 
03 PROMPT 08 ARCL X 
04 STO 05 09 AVIEW 
05 FIX 2 10 END 
"SOLID" - (Blade Solidity) 
Programs and Subroutines used: 
"SOLID" "SD" 
PROGRAM LISTING 
01 LBL "SOLID" 09 PROMPT 
02 "b•?" 10 STO 05 
03 PROMPT 11 XEQ "SD" 
04 STO 06 12 FIX 5 
05 "C=?" 13 "SOLID=" 
06 PROMPT 14 ARCL X 
07 STO 04 15 AVIEW 
08 "R=?" 16 END 
"VIND" - <Induced Velocity) 
Programs and Subroutines used: 
"AD" "VI" 
"DN" "VIND" 
PROGRAM LISTING "VIND" 
01 LBL "VIND" 09 XEQ "ON" 
02 "W=?" 10 XEQ "VI" 
03 PROMPT 11 FIX 2 
04 STO 10 12 "VI=" 
05 "R=?" 13 ARCL X 
06 PROMPT 14 AVIEW 
07 STO 05 15 END 
08 XEQ "AD" 
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HELICOPTER PERFORMANCE 
"CTHRUST" - (Coefficient of Thrust) 




PROGRAM LISTING "CTHRUST" 
01 LBL "CTHRUST" 11 XEW "ON" 
02 "W=?" 12 XEQ "AD" 
03 PROMPT 13 XEQ "VT" 
04 STO 10 14 XEQ "CT" 
05 "R=?" 15 FIX 7 
06 PROMPT 16 "CT=" 
07 STO 05 17 ARCL X 
08 "RV=?" 18 AVIEW 
09 PROMPT 19 END 
10 STO 08 
"TIPLOSS" - (Tip Loss Factor) 




PROGRAM LISTING "TIPLOSS" 
01 LBL "TIPLOSS 13 STO 06 
02 "W=? II 14 XEQ "ON" 
03 PROMPT 15 XEQ "AD" 
04 STO 10 16 XEQ "VT" 
05 "R=?" 17 XEQ "CT" 
06 PROMPT 18 XEQ "TL" 
07 STO 05 19 FIX 4 
08 "RV=?" 20 "B=" 
09 PROMPT 21 ARCL X 
10 STO 08 22 AVIEW 
11 "b=?" 23 END 
12 PROMPT 
"GEFFECT" - '(Ground Effect" 




PROGRAM LISTING nGEFFECT" 
01 LBL "GEFFECT" 13 GTO 01 
02 "H=?" 14 XEQ "GE" 
03 PROMPT 15 FIX 4 
04 "R""'? II 16 nRATIO=" 
05 PROMPT 17 ARCL X 
06 2 18 AVIEW 
07 * 19 GTO 02 
00 I 20 LBL 01 
09 STO 17 21 "GE=O,RATIO=l" 
10 1.5517 22 PROMPT 
11 - 23 LBL 02 
12 X>O? 24 END 
"ECHORD" - (Equivalent Chord) 
Programs and subroutines used: 
"ECBORD" 
PROGRAM LISTING "ECHORD" 
01 LBL "ECHORD" 20 ENTER 
02 "CO=?" 21 RCL 02 
03 PROMPT 22 -
04 STO 01 23 * 
05 "Cl=?" 24 RCL 03 
06 PROMPT 25 CHS 
07 STO 02 26 1 
08 "a=?" 27 + 
09 PROMPT 28 I 
10 STO 03 29 4 
11 LBL "EC" 30 I 
12 RCL 03 31 RCL 02 
13 ENTER 32 + 
14 4 33 FIX 3 
15 YtX 34 "CE=" 
16 CHS 35 ARCL X 
17 'l 36 AVIEW 
18 + 37 STOP 





The following programs have been written for the Tandy 
Radio Shack TRS-80 Model 1, Level II and have provision for 
transferring results to a printer. The use of any other 
personal computer will necessitate some slight changes in 
the BASIC language and significant changes in the printers 
conunand functions. 






20 CLS:PRINT@l7,"HELICOPTER PERFORMANCE":PRINT@92,"by" 
21 PRINT@l46,.PROF DONALD M. LAYTON" 







<@> TO END PROGRAM 
50 PRINT@832,"ENTER SELECTION":P=851 
60 GOSUB3000:I=l 
65 IFA$="@"THENCLOSE:PRINT" 







700 RUN"VARY 11 
800 RUN"~ONTROL 11 
3000 A$="" 
3010 PRINT@P,CHR$Cl43);:L~l 
3020 A$=INKEY$:IFA$<>""THENPRINT@P," ";:RETURN 
3025 L=L+l:IFL<l6THEN3020 , 
3030 PRINT@P," ";:FORL=lT010:NEXT:GOT03010 
11000 CLS:PRINT@270,"";:GOSUB7000:PRINT@590, 11 "; 
11001 GOSUB6000:P=614:GOSUB3000:RETURN 
12000 IFERR=l24ANDERL=l0 THENCLOSE 
12001 RESUME10ELSEIFERR<>l06THEN ON ERROR GOTOlO 
12010 IFERL=2THENRESUME3ELSERESUME 





1 REM ** HOVER ** 
10 CLS:PRINT@l7,"HOVER" 
20 OPEN"R",l,"PARAM":GETl,l 
30 FIELD l,6ASAA$,6ASAB$,6ASAC$,4ASAD$,6ASAE$,2As.AF$ 
31 FIELD l,SASAG$,SASAH$,SASAI$,SASAJ$,SASAK$,4ASAL$ 

















541 PRINT"TO LIST TO SCREEN ONLY ENTER 'l'":INPUTQ 
542 IFQ=lTHEN550 
543 GOT0690 
550 PRINT "WEIGHT ="W,"LBS" 
560 PRINT "DENSITY ALTITUDE ="HO,"FEET" 
570 PRINT"HEIGHT ABOVE GROUND ="H,"FEET" 
600 PRINTTAB{35)"FT-LB/SEC",TABC50)"HORSEPOWER" 
610 PRINT"INDUCED POWER (NO TIP LOSS)"TABC35)Pl,TAB(50)P2 
620 PRINT"INDUCED POWER (TIP LOSS)"TAB(35)P3,TABC50)P 
630 PRINT"INDUCED POWER (TIP LOSS AND GE)"TAB(35)P4,TAB(50)P5 
640 PRINT"PROFILE POWER"TAB(35)P6,TAB(50)P7 
670 PRINT"TOTAL POWER"TAB(35)P8,TAB(50)P9 
680 GOT0820 
690 LPRINTTAB(30)"Hover Flight" 
700 LPRINT"WEIGHT ="W"LBS" 
710 LPRINT CHR$(14) "HEIGHT ABOVE GROUND ="H"FEET" 
720 LPRINT CHR$Cl4) 
740 LPRINT CHR$(15)TAB{35)"FT-LB/SEC",TAB(50)"HORSEPOWER" 
750 LPRINT CHR$(14) "INDUCED POWER (NO TIP LOSS)"TABC35)Pl,TAB(50)P2 
760 LPRINT"INDUCED POWER C TIP lOSS) "TAB( 35) P3 ,TAB( 50) P 
770 LPRINT"INDUCED POWER (TIP LOSS AND GE)"TABC35)P4,TAB(50)P5 
780 LPRINT"PROFILE POWER"TABC35)P6,TABC50)P7 









1 REM ** FORWARD ** 
10 CLS:PRINT@22,"FORWARD (CLIMBING) FLIGHT" 
15 PRINT@472,"CALCULATING SOLUTION" 
20 OPEN"R",l,"PARAM":GETl,l 
30 FIELD l,6ASAA$,6ASAB$,6ASAC$,4ASAD$,6ASAE$,2ASAF$,SASAG$ 
31 FIELD 1, SASAH$,SASAI$,5ASAJ$,SASAK$,4ASAL$,2ASAM$ 





51 D9=0.0023769*CC1-6.875E-6*H0) 4.256l):Vl=04*R:T=W 
52 F2=Fl*l.68894:A=C3.1416*R 2):VO=CT/(2*A*D9)) .5 
53 TO=T/CD9*A*Vlt2):Bl=l-CC2*T0)t.5)/B:Kl=F2*Vl 
60 V5=V0*.9:El=l:E2=2*V3:E3=F2 2+V3 2:E4=0:E5=-VOt4 
65 Z=El*V5 4+E2*V5 3+E3*V5 2+E4*V5+E5 
66 PRINT@547," " 
67 PRINT@547,"**" 
70 IF Z >100000 THEN 410 
80 IF Z>80000 THEN 430 
90 IF Z>lOOOO THEN 450 
100 IF Z>6000 THEN 470 
110 IF Z>O THEN 490 
120 IF Z<-100000 THEN 390 
130 IF Z<-80000 THEN 370 
140 IFZ<-10000 THEN 350 











510 G=-0.1276*J 4+0.708*J 3-l.4569*J 2+1.3432*J+0.5147 
511 P4=P3*G*GOT0530 
520 P4=P3 
530 P6=((50*DO*D9*A*Vl 3)/8)*(1+4.25*Kl . 2) 
531 F3=0.5*D9*CF2 3*56*A+V4 3*55*A):P8=P4+P6+F3:P2=Pl/550 
532 P5=P4/550:P.7=P6/550:P9=P8/550:P=P3/550:F4=F3/550 
540 C8=T*V3:C9=C8/550:P8=P4+P6+F3+C8:P9=PB/550 







545 REM ** FORWARD (Continued) ** 
550 PRINT "WEIGHT = 11 W, 11LBS" 
560 PRINT "DENSITY ALTITUDE ="HO,"FEET" 
570 PRINT"HEIGHT ABOVE GROUND ="H,"FEET" 
580 PRINT"VERTICAL VELOCITY = 11 V4,"FT/MIN 11 
590 PRINT 11 FORWARD VELOCITY ="Fl, 11KNOTS 11 
600 PRINTTAB(35) 11 FT-LB/SEC",TAB(50) 11 HORSEPOWER" 
610 PRINT"INDUCED POWER (NO TIP LOSS)"TAB(35)Pl,TAB(50)P2 
620 PRINT"INDUCED POWER (TIP LOSS)"TABC35)P3,TABC50)P 
630 PRINT"INDUCED POWER (TIP LOSS AND GE)"TAB(35)P4,TABC50)P5 
640 PRINT"PROFILE POWER"TAB(35)P6,TABC50)P7 
650 PRINT"PARASITE POWER"TAB(35)F3,TABC50)F4 
660 PRINT"POWER TO CLIMB"TAB(35)C8,TABC50)C9 
665 PRINT 
670 PRINT"TOTAL POWER"TABC35)P8,TABC50)P9 
680 GOT0820 
690 LPRINTTAB(30)"FORWARD (CLIMBING) FLIGHT" 
695 LPRINT"WEIGHT ="W"LBS" 
700 LPRINT"DENSITY ALTITUDE ="HO"FEET" 
710 LPRINT"HEIGHT ABOVE GROUND ="H"FEET" 
720 LPRINT"VERTICAL VELOCITY = 11 V4 11 FT/MIN 11 
730 LPRINT"FORWARD VELOCITY ="Fl"KNOTS" 
740 LPRINTTAB(35)"FT-LB/SEC",TAB(50)"HORSEPOWER" 
750 . LPRINT"INDUCED POWER (NO TIP LOSS)"TABC35)Pl,TAB(50)P2 
760 LPRINT"INDUCED POWER (TIP l05S)"TAB(35)P3,TAB(50)P 
770 LPRINT"INDUCED POWER CTIP LOSS AND GE)"TABC35)P4,TAB(50)P5 
780 LPRINT"PROFILE POWER"TAB(35)P6,TABC50)P7 
790 LPRINT"PARASITE POWER"TAB(35)F3,TABC50)F4 
800 LPRINT"POWER TO CLIMB"TABC35)C8,TAB(50)C9 
805 LPRINT 









l REM ** AUTOROTATION** 
10 OPEN"R",l,"PARAM":GETl,1 
14 Ll=.08:Z9=3.1416 
20 FIELD l,6ASAA$,6ASAB$,6ASAC$,4ASAD$,6ASAE$,2ASAF$,SASAG$ 
21 FIELD 1,5ASAH$,5ASAI$,5ASAJ$,5ASAK$,4ASAL$,2ASAM$ 




40 S0=CB*C)/CZ9*R):D9=0.0023769*C<l-6.875E-06*H0) 4.2561) 
50 T=W:A=CZ9*R 2):LO=CC3*D0)/Ll) .S:Dl=DO+CLl*(LO) 2) 
60 Rl=(LO)t3/(Dl)t2:FS=CSO*Rl)/4 
61 F6=(2*FS-C3*F5) .5)/(4*F5-3):V6=(W .5 
62 V7=V6*60:Vl=04*R 
63 PRINT"TO LIST TO SCREEN ONLY, ENTER 'l'":INPUTQ 
64 IF Q=lTHENlOO: 
65 LPRINT" AUTOROTATIVE DESCENT" :LPRINT 
70 LPRINT"WEIGHT ="W"LBS","ALTITUDE ="HO"FT 
71 LPRINT"BLADE CHORD ="C"FT","BLADE RADIUS="R"FT" 
72 LPRINT"NUMBER OF BLADES="B:LPRINT"AVE PROFILE DRAG COEFF="DO 
73 LPRINT"LIFT COEFFICIENT MULTIPLIER="Ll 
80 LPRINT"MINIMUM VERTICAL AUTO DESCENT SP="V7"FT/MIN 
90 V9=29*60*CW/A) .S:LPRINT"APPROX MIN DESCENT SPEED ="V9"FT/MIN" 
91 LPRINT 11 FOR MINIMUM RATE OF DESCENT" 
92 X9=Vl*.0828:X8=Vl*2.3969 
93 LPRINT"VEL="X9 11 KTS","R/C= -"X8"FT/MIN 
94 X7= 3.354*HO:LPRINT"HOR DISTANCE="X7"FT" 
100 CLS:PRINT"AUTOROTATIVE DESCENT VELOCITY 
101 PRINT"WEIGHT="W"LB .. ,"ALTITUDE="HO"FT": 
102 PRINT"BLADE CHORD="C"FT","BLADE RADIUS="R"FT" 
103 PRINT"NUMBER OF BLADES ="B 
104 PRINT"AVE PROFILE DRAG COEFF="DO,"LIFT COEFF MULTIPLIER="Ll 
110 PRINT: PRINT"MINIMUM VERTICAL AU.TO DESCENT SPD="V7 "FT/MIN" 
120 V9=29*60*CW/A) .S:PRINT"APPROX MIN VERT DESCENT-"V9"FT/MIN 
121 PRINT" FOR MINIMUM RATE OF DESCENT" 
122 X9=Vl*.0828:X8=Vl*2.3969:X7=3.354*HO 
123 PRINT"VEL="X9"KTS","R/C= -"X8"FT/MIN" 
124 PRINT"HOR DISTANCE="X7"FT" 







l REM ** TAIL ROTOR POWER ** 
10 CLS:PRINT@27, "TOTAL POWER" 
11 PRINT@80,"INLCUDING TAIL ROTOR WITH TIP LOSS" 
15 PRINT@472,"CALCULATING SOLUTION":PRINT@540,"**" 
20 OPEN"R", 1, "PARAM": GETl, 1 
30 FIELD l,6ASAA$,6ASAB$,6ASAC$,4ASAD$,6ASAE$,2ASAF$,5ASAG$ 
31 FIELD1,5ASAH$,5ASAI$,SASAJ,5ASAK$,4ASAL$,2ASAM$ 
32 FIELD1,3ASAN$,3ASA0$,5ASAP$,4ASAQ$,4ASAR$,7ASAT$ 





60 D9=.0023769*Cl-6.B785E-06*HO)t 4.256l:PI=3.1416:R9=03*R3 
70 T3=CP8/04)/L3:A=PI*R 2:A3=PI*R3 2 
71 K4=CC3*B9*D3*R3*D9*R9 3)/8 




110 C2=P8/CD9*A*Fl C 3) 
120 U3=C-Fl 2/2+CCF1 2/2) 2+P8 2/C2*D9*A3*L3*04) 2) .5) .5 
130 K3=T3*U3/B7::K6=K4*Cl+C4 . 3*Kl 2+Fl 2/R9 2)) 
140 KS=K3+K6:K7=K5/550:K9=P8+K5:K8=K9/SSO:P9=P8/550 
150 PRINT"TO LIST TO SCREEN ONLY, ENTER 'l'" 
151 INPUTQ:IFQ=lTHEN530 
160 GOT0690 
530 CLS:PRINT@27, "TOTAL POWER" 
540 PRINT@80,"INCLUDING TAIL ROTOR WITH TIP LOSS" 
550 PRINT "WEIGHT ="W,"LBS" 
560 PRINT "DENSITY ALTITUDE ="HO,"FEET" 
570 PRINT"HEIGHT ABOVE GROUND ="H,"FEET" 
580 PRINT"VERTICAL VELOCITY ="V4,"FT/MIN" 
590 PRINT"FORWARD VELOCITY ="Fl,"KNOTS" 
600 PRINTTABC 35) "FT-LB/SEC" ,TAB( 50) '1HORSEPOWER" 
620 PRINT"MAIN ROTOR POWER"TAB(32)P8,TAB(50)P9 
630 PRINT"TAIL ROTOR POWER"TABC32)KS,TAB(50)K7:PRINT 
640 PRINT"TOTAL POWER"TABC32)K9,TAB(50)K8:GOT0840 
690 LPRINTTABC30)"TOTAL POWER" 
691 LPRINTTAB(20)"INCLUDING TAIL ROTOR WITH TIP LOSS" 
695 LPRINT"WEIGHT ="W"LBS" 
700 LPRINT"DENSITY ALTITUDE ="HO"FEET" 
710 LPRINT"HEIGHT ABOVE GROUND ="H"FEET" 
720 LPRINT"VERTICAL VELOCITY ="V4"FT/MIN" 
730 LPRINT"FORWARD VELOCITY ="Fl"KNOTS" 
740 LPRINT"MAIN ROTOR POWER"TAB(30)P8,TAB(50}P9 
750 LPRINT"TAIL ROTOR POWER"TABC30)K5,TAB(50)K7:LPRINT 
760 LPRINT"TOTAL POWER"TABC30)K9,TAB(50)K8:GOTOS30 
840 CLOSE! 





1 REM ** VARY ** 
2 CLS:PRINTTAB(l5) 11 THIS IS A PROGRAM TO CHANGE PARAMETERS" 
10 OPEN"R",l,"PARAM" 
20 FIELD l,6ASAA$,6ASAB$,6ASAC$,4ASAD$,6ASAE$,2ASAF$,5ASAG$, 
5ASAH$,5ASAI$,5ASAJ$,5ASAK$,4ASAL$,2ASAM$,3ASAN$,3ASAO$, 
5ASAP$ , 4ASAQ$,4ASAR$,12ASAT$ 
25 HO=VAL(AA$):W=VALCAB$):04=VAL(AC$):R=VALCAD$):C=VAL(AE$) 
26 B=VALCAF$):DO=VALCAG$):S5=VAL(AH$):S6=VAL(Al$):03=VALCAJ$) 
27 L3=VAL(AK$ ) :L4=VAL(AL$):R3=VALCAM$):C3=VALCAN$):03=VALCA0$) 
28 H=VALCAP$):Fl=VAL(AQ$):V4=VAL(AR$) 
30 PRINT:PRINT"EACH PARAMETER WILL BE LISTED. 
31 PRINT"TO CHANGE, ENTER ' l' 
40 PRINTTAB(l2)"IF NO CHANGE IS DESIRED, ENTER '0'":PRINT 
60 PRINT"ALTITUDE (FT) ="HO : Y$=AA$:GOSUB600:LSETAA$=Y$ 
70 PRINT"GROSS WEIGHT (LB) ="W:Y$=AB$:GOSUB600:LSETAB$=Y$ 
80 PRINT"REV (RAD/SEC) ="04:Y$=AC$:GOSOB600:LSETAC$=Y$ 
90 PRINT"BLADE RADIUS CFT) ="R:Y$=AD$:GOSUB600:LSET AD$=Y$ 
100 PRINT"BLADE CHORD (FT) ="C:Y$=AE$:GOSUB600:LSET AE$=Y$ 
110 PRINT"NUMBER OF BLADES ="B:Y$=AF$:GOSUB600:LSETAF$=Y$ 
120 PRINT"MAIN COO ="DO:Y$=AG$:GOSUB600:LSETAG$=Y$ 
130 PRINT"PAR COEFF (VERT) ="SS:Y$=AH$:GOSUB600:LSETAH$=Y$ 
140 PRINT"PAR COEFF (FWD) ="S6:Y$=AI$:GOSUB600:LSETAI$=Y$ 
150 PRINT"TAIL COO ="D3 : Y$=AJ$:GOSUB600:LSETAJ$=Y$ 
160 PRINT"TAIL LENGTH (FT) = 11 L3:Y$=AK$:GOSUB600:LSETAK$=Y$ 
170 PRINT"NUMBER TAIL BLADES ="L4:Y$=AL$:GOSUB600:LSETAL$=Y$ 
180 PRINT"TAIL RADIUS (FT) ="R3:Y$=AM$:GOSUB600:LSETAM$=Y$ 
190 PRINT"TAIL CHORD (FT) ="C3:Y$=AN$:GOSUB600:LSETAN$=Y$ 
200 PRINT"REV TAIL (RAD/SEC) ="03:Y$=AO$:GOSUB600:LSETAO$=Y$ 
210 PRINT"HEIGHT ABOVE GRND (FT) ="H:Y$=AP$:GOSUB600:LSETAP$=Y$ 
220 PRINT"FWD VELOCITY (KTS) ="Fl:Y$=AQ$:GOSUB600:LSETAQ$=Y$ 
230 PRINT"VERT VELOCITY CFT/MIN) ="V4:Y$=AR$:GOSUB600:LSETAR$=Y$ 
235 PUTl,l 
240 CLOSE 1 
250 INPUT"TO READ REVISED VALUES, PRESS <EN>";X 
260 RUN"DATA 11 
270 STOP 
500 INPUT"NEW VALUE =";Y$:RETURN 
510 RETURN . 







1 REM ** DATA ** 
10 OPEN"R",l,"PARAM":GETl,l 
20 FIELD l,6ASAA$,6ASAB$,6ASAC$,4ASAD$,6ASAE$,2ASAF$,5ASAG$, 
5ASAH$,5ASAI$,SASAJ$,5ASAK$,4ASAL$,2ASAM$,3ASAN$,3ASAO$, 
5ASAP$,4ASAQ$,4ASAR$,12ASAT$ 
30 CLS:INPUT"TYPE l<EN>-READ, 2<EN>-WRITE, <O>-QUIT 11 ;N% 
40 IFN%=0THEN450 
50 IFN%=2THEN300 
60 PRINT11ALTITUDE (FT)?"TAB(25);:LINEINPUTA$:LSETAA$=A$ 
70 PRINT"GROSS WEIGHT (LB)?"TAB(25):LINEINPUTB$:LSETAB$=B$ 
80 PRINT"REV (RAD/SEC)"TAB(25):LINEINPUTC$:LSETAC$=C$ 
90 PRINT"BLADE RADIUS (FT)"TAB(25):LINEINPUTD$:LSETAD$=D$ 
100 PRINT"BLADE CHORD (FT)"TAB(25):LINEINPUTE$:LSETAE$=E$ 
110 PRINT"NUMBER OF BLADES"TABC25):LINEINPUTF$:LSETAF$=F$ 
120 PRINT"MAIN CDO"TAB(25):LINEINPUTG$:LSETAG$=G$ 
130 PRINT"PAR COEFF (VERT)"TAB(25) :LINEINPUTH$:LSETAH$=H$ 
140 PRINT"PAR COEFF (FWD)"TAB(25):LINEINPUTI$:LSETAI$=I$ 
150 PRINT"TAIL CDO"TAB(25):LINEINPUTJ$:LSETAJ$=J$ 
160 PRINT"TAIL LENGTH (FT)"TAB(25):LINEINPUTK$:LSETAK$=K$ 
170 PRINT"NUMBER TAIL BLADES"TAB(25):LINEINPUTL$:LSETAL$=L$ 
180 PRINT"TAIL RADIUS (FT)"TABC25):LINEINPUTM$:LSETAM$=M$ 
190 PRINT"TAIL CHORD (FT)"TAB(25):LINEINPUTN$:LSETAN$=N$ 
200 PRINT"REV TAIL (RAD/SEC)"TABC25):LINEINPUTO$:LSETA0$=0$ 
210 PRINT"HEIGHT ABOVE GRND CFT)"TABC25):LINEINPUTP$:LSETAP$=P$ 
220 PRINT"FWD VELOCITY (KTS)"TAB(25):LINEINPUTQ$:LSETAQ$=Q$ 
230 PRINT"VERT VELOCITY (FT/MIN)"TAB(25):LINEINPUTR$:LSETAR$=R$ 
235 PUTl,l 
240 CLOSE 1 





300 PRINT:PRINT TAB(20) "INPUT PARAMETERS" 
310 PRINT"ALTITUDE"TAB(25)AA$,TAB(35)"GROSS WEIGHT"TAB(55)AB$ 
313 D9=.0023769*(1-6.875E-06*H0)[4.2561 
320 PRINT"REV CMAIN)"TAB(25)AC$,TABC35)"BLADE RADIUS"TAB(55)AD$ 
330 PRINT"'BLADE CHORD"TAB( 25 )AE$ ,TAB( 35) "NUMBER BLADES"TAB ( 55 )AF$ 
340 PRINT"MAIN CDO"TABC25)AG$,TABC35)"PAR COEFF (VERT)"TABC55)AH$ 
350 PRINT"PAR COEFF (FWD)"TAB(25)AI$,TABC35)"TAIL CDO"TABC55)AJ$ 
360 PRINT"TAIL LENGTH"TABC25)AK$,TAB(35) 11 NUMBER TAIL BLADES"TAB(55)AL~ 
370 PRINT"TAIL RADIUS"TAB(25)AM$,TABC35)"TAIL CHORD"TABC55)AN$ 
380 PRINT"REV CTAIL)"TABC25)A0$,TABC35)"HT ABOVE GRND"TAB(55)AP$ 
390 PRINT"FWD VELOCITY"TAB(25)AQ$,TAB(35)"VERT VELOCITY"TAB(55)AR$ 
395 PRINT 
397 CLOSE! 





RUNNING THE BASIC PROGRAMS 
The above programs are designed for disc operation, 
either one disc with the disc operating system resident, or 
two discs with a protected disc operating system on one and 
the programs on the other. 
To run the program, after start up, execute: 
RUN"MENU <ENTER> 
Chose the desired program from the menu and press the 
initial letter only. For example, to run the forard flight 
program from the Menu, press F. 
It is necessary, of course to run the "data" program 
prior to any other program. However, one the desired data 






A Disc Area 
B Tip Loss Factor 








Cd Profile Drag Coefficient 
0 
Po 
CL Lift Coefficient 
Cp Power Coefficient 
c0 Torque Coefficient 
CT Thrust Coefficient 
D Equivalent Drag 
e 
DL Disc Loading 
F Flow Coefficient 
H Rotor Chord Force 
l 
H Rotor Span Force 
2 
L Lift 
M Figure of Merit 






















Velocity Thru Rotor 
Velocity 
Descent Velocity 



































Lateral Flapping Coeff. p 
Number of Rotor Blades 
Long. Flapping Coeff. 
Blade chord 
Equivalent Blade Chord 
Flow coefficient 
Gravitational Constant 
Angle of Attack 
Zero HP Fuel Flow Rate 
Coning Angle 



























Blade Radius Position 
Drag Direction Inf low 
Thrust Direction Inflow 
Induced vel. in Hover 
Induced Velocity 
Cyclic Pitch Angle 
Blade Twist Angle 
Advance Ratio 










R = 26.8 ft 
c = 1.75 ft 
b = 4 
RV = 27 rad/sec 
cao = o.ooe 
Ht = 11/2 ft 
General 
Flat Plate Area CFoward) 
Tail Rotor 
R = 5.5 ft 
c = 0.81 ft 
b = 4 
RV = 124.6 rad/sec 
Cdo = 0.008 
R. t = 31. 5 ft 
= 25.7 sq ft 
Flat Plate Area (Vertical) = 30.8 sq ft 







ICAO Standard Atmosphere 
• H T p p a 
feet OR lb/f t 2 lb sec 2 /fti. knots 
. .. 0 518.688 2116.22 2.37691E-03 661.480 
500 516.905 2078.27 2.34233E-03 660.342 
1000 515.122 2040.86 2.30814E-03 659.202 
1500 513.339 2004.01 2.27433E-03 658.061 
2000 511.556 1967.69 2.2409E-03 656.917 
2500 509.773 1931.91 2.20784E-03 655.771 
3000 507.99 1896 . 66 2.17516E-03 654.623 
3500 506.207 1861.93 2.14286E-03 653.473 
4000 504.424 1827.72 2.11092E-03 652.321 
4500 502.641 1794 . 02 2.07934E-03 651.167 
5000 500.858 1760.82 2.04813E-03 650.011 
5500 499.075 1728.12 2.0l728E-03 648.854 
6000 497.292 1695.92 l.98679E-03 647.693 
6500 495.509 1664.2 l.95665E-03 646.531 
7000 493.726 1632.97 l.92686E-03 645.367 
7500 491.943 1602.21 l.89741E-03 644.201 
8000 490.16 1571.92 l.86832E-03 643.032 
8500 488.377 1542.l l.83956E-03 641.862 
9000 486.594 1512.74 l.81115E-03 640.689 
9500 484.811 1483.83 l.78307E-03 639.514 
10000 483.028 1455.37 l.75533E-03 638.337 
10500 481.245 1427.35 l.72792E-03 637.158 
11000 479.462 1399.78 l.70084E-03 635.976 
11500 477.679 1372.63 l.67408E-03 634.793 
12000 475.896 1345.92 l.64765E-03 633.607 
12500 474.113 1319.63 l.62154E-03 632.419 
13000 472.33 1293.75 ·l. 59574E-03 631.228 
13500 470.547 1268.28 1. 57026E-03 630.036 
14000 468.764 1243.23 l.54509E-03 628.841 
14500 466.981 1218.57 l.52023E-03 627.644 
15000 . 465.198 1194.32 l.49569E-03 626.445 
15500 463.415 1170.45 1. 47144E-03 625.243 
16000 461.632 1146.98 l.44749E-03 624.039 
16500 459.849 1123.88 l.42385E-03 622.833 
17000 458.066 1101.17 l.4005E-03 621.624 
17500 456.283 1078.83 l.37745E-03 620.413 
18000 454.5 1056.85 l.35468E-03 619.2 
18500 452.717 1035.24 l.33221E-03 617.984 
.. 19000 450.934 1013.99 l.31002E-03 616.766 
19500 449.151 993.094 l.28812E-03 615.545 




ICAO Standard Atmosphere 
H e ~ C1 a 
.. 
feet T/Tssl P/P l P/Pssl ft/sec SS 
0 1 1 1 1116.89 
500 .996563 .982065 .985452 1114.97 .. 
1000 . 993125 .964391 • 971066 1113.04 
1500 .989688 .946975 .956842 1111.12 
2000 .986250 .929814 .942777 1109.18 
2500 . 982813 .912907 .928872 1107.25 
3000 . 979375 .896249 .915123 1105.31 
3500 . 975938 .879838 .901531 1103.37 
4000 .972500 .863671 .888093 1101.43 
4500 . 969063 . 847745 .874809 1099.48 
5000 . 965625 .832059 .861679 1097.53 
5500 .962188 .816608 .848699 1095.57 
6000 • 95875 0 . 801390 .835870 1093.61 
6500 . 955313 .786403 .823189 1091.65 
7000 .951875 .771643 .810656 1089.68 
7500 . 948438 .757109 . 798269 1087.71 
8000 • 945 000 .742797 .786028 1085.74 
8500 .941563 .728704 .773931 1083.76 
9000 . 938125 .714830 .761977 1081.78 
9500 . 934688 .701170 .7501 65 1079.80 
10000 • 931 25 0 .687722 . 738493 1077.81 
10500 .927813 .674483 .726961 1075.82 
11000 .924375 .661452 .715567 1073.83 
11500 .920937 .648625 .704310 1071.83 
12000 .917500 .636001 .693189 1069.83 
12500 .914063 .623577 .682203 1067.82 
13000 .910625 .611349 . • 671351 1065.81 
13500 .907188 .599316 .660631 1063.80 
14000 .903750 .587476 . 650043 1061 . 78 
14500 .900313 .575826 .639585 1059 . 76 
15000 .896875 .564364 .629256 1057.73 
15500 .893438 .553088 .619056 1055.71 
16000 • 89 0000 .541994 .608982 1053.67 
16500 .886563 .53108.l, .599034 1051.64 
17000 .883125 .520347 .589211 1049.59 
17500 .879688 .509789 . 579511 1047.55 
18000 . 87625 0 .499406 .569935 1045.50 ~ 
18500 .872813 .489194 .56048 1043.45 
19000 .869~75 .479152 .551145 1041.39 
19500 .865938 .469277 .54193 1039.33 








Abbott, I. A., and Von Duenhoff, A. E., Theory of Wing 
Sections, McGraw-Hill, New York, 1959 
Bramwell, A., Helicopter Dynamics, John Wiley and Sons, 
Inc., 1st Ed., 1976 
Dommasch, D. o. , · Elements of Propeller and Helic·otter 
Aerodynamics, Pitman Publishing Corp., New York,953 
....... 
Gessow, A. and Myers, G.C. Jr, ·Aerodynamics of ·the 
Helicopter, Frederick Ungar Publishing Co, New York, 1967 
Glauert, H. , · The Eleme·nts of ·Aerofoil and Airsc·rew Theory, 
University Press, Cambridge, Mass, 1948 
Johnson, W. , · Helico·pter Theory, Princeton University Press, 
1980 
McCormick, B. W. Jr., · Aerodynamics of V/STOL Flight, 
Academic Press Inc, New York, 1967 · 
Nikolsky, A. A., · Helicopter Analysis, John Wiley and Sons, 
Inc., New York, 1951 
Payne, P. R. , · Helicopter Dynamics a:nd Aerodynami·cs, The 
MacMillan Co., New York, 1959 
Prouty, R. w., Practical Helicopter Aerodynamics, PJS 
Publications, Inc., 1982 
Saunders, G. H. , · Dynamics of Helicopter Flight, John Wiley 




Angle of Attack 
Anti-Torque Rotors 
Autorotation 
••• Forward Descent 
••• vertical Descent 
INDEX 
Basic Helicopter Parameters 































•.. Altitude Effects 
••• Weight Effects 
Equivalent Chord 
Feathering Hinges 
Figure of Merit 
























































••• Turbulent Windmill Brake State 
••• Vertical Ascent 
••• vortex Ring State 
• •• Windmill Brake State 
Forward Climbing Flight 
Forward Level Flight 




High Speed Effects 
Hinges 











Level Flight Testing 
Momentum Theory 
Multiple Rotors 











•.. BASIC Language 
Range 
••• Altitude Effects 
••• Index 
••• Specific 




















































Stall Power Increment 







••. Forward Climbing Flight 
••• Hover 
••• Level Flight 













Vertical Thrust Stand 
282 
207 
44 
195 
149 
214 
207 
17 
274 
154 
61 
12 
221 
241 
221 
245 
239 
221 
225 
32 
37 
59 
2 
37 
33 
2 
100 
239 
149 
224 
.. 
~ 
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